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ABSTRACT
The th e s is  p re se n ts  some a sp ec ts  of the  p h y s ica l m eta llu rgy  ©f 
uranium whieh are  re le v a n t to  i t s  use as  a r e a c to r  fu e l*  Creep and 
sw elling  o f  th e  fu e l  may he in flu en ced  by th e  presence o f im purity  
phases# '
In  PART I 9 techniques have th e re fo re  been developed to  id e n t i fy  
in c lu s io n s  by 1) m etallog raph ic  exam ination of uranium to  which th e  
elem ents norm ally p resen t as  im p u r it ie s , have been in te n t io n a l ly  
added, 2) m eta llograph ic  c la s s i f ic a t io n  o f in c lu s io n s  in  c a s t  uranium , 
3) e x tra c tio n  of in c lu s io n s  follow ed by exam ination o f the  resid u es#  
In c lu sio n s  have been c la s s i f ie d  in to  seven main types and th e i r  
occurrence, fo ra  and chemical n a tu re  have been summarised to g e th e r  
w ith  t h e i r  e tc h in g  and o p tic a l  c h a ra c te r is t ic s *
PART I I  d e sc rib es  th e  s t r u c tu r a l  e f f e c ts  due to  d i lu te  a d d itio n s  
o f aluminium, i ro n ,  chromium, niobium , tita n iu m , vanadium and 
zirconium* Emphasis i s  p laced  on th e i r  g ra in  r e f in in g  cap ac ity  during  
h ea t treatm en t because o f  the need to  e lim in a te  su rface  w rin k lin g  of 
a f u e l  during  ir ra d ia t io n *  The d if f e r in g  degrees o f b e ta - s ta b i l i s a t io n  
ob tained  by the  use o f some o f th e se  elem ents may in flu en ce  th e  ex ten t 
o f  g ra in  refinem ent# Data a re  p resen ted  on the  u ranium -rich  ends of 
th e  uranium-aluminium and uranium -iron  c o n s ti tu t io n a l  diagrams*
PART I I I  i s  an in v e s tig a tio n  in to  th e  creep p ro p e r tie s  o f uranium 
and uranium a llo y s  a f t e r  v a rio u s  hea t trea tm en ts  u s in g  a sagging b ar 
technique*
PABP Ilf examines the p re fe r re d  o r ie n ta tio n  induced in  uranium and 
uranium a llo y s  by r o l l in g  and e x tru s io n . A g e ig e r  co u n ter technique 
i s  used to  g ive a q u a n tita tiv e  assessm ent. The various te x tu re s  a re  
a l l  o f a s in g le  o r  m u ltip le  (hko) ty p e s . P re fe r re d  o r ie n ta tio n  i s  
undesirab le  in  a  re a c to r  fu e l  because ©f i r r a d ia t io n  growth, but i t  
has been shown th a t  be ta  h ea t treatm ent can s u b s ta n t ia l ly  remove the 
te x tu re .
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1 . IsmOBUCTIQl
This s tudy  of th e  p h y sica l m etallu rgy  of uranium i s  p r im a rily  
concerned w ith  those asp ec ts  which are  re le v a n t to  i t s  use as  a 
n u c lea r fu e l*  The behaviour o f uranium m etal f u e l  under i r r a d ia t io n  
i s  d iscussed  in  d e ta i l  in  a number o f papers d iscussed  a t  th e  Geneva 
Conferencev f * » The main f a c to r s  l ik e ly  to  have an adverse e f f e c t
on the fu e l  are*
(1) Aniscfcropie i r r a d ia t io n  growth
(2 ) Surface roughening o r w rink ling
(3) I r r a d ia t io n  and therm al creep  lead in g  to bowing in  
stacked  fu e l elem ents.
(4 ) I n e r t  gas d if fu s io n  and sw ellin g
A ll th ese  e f f e c ts  a re  s tru c tu re  s e n s i t iv e  though to  vary ing  
degrees* I r r a d ia t io n  growth I s  p rim a rily  due to the presence of 
p re fe rre d  o r ie n ta tio n *  Hence uranium which has been m echanically 
worked by r o l l in g  or e x tru s io n  must be quenched from the  beta-£hase  t© 
remove the  p re fe r re d  o r ie n ta tio n . Inform ation i s  th e re fo re  req u ire d  
on r o l l in g  o r e x tru s io n  te x tu re s  and whether h ea t treatm ent i s  r e a l ly  
e f fe c tiv e  in  removing te x tu re .  P a r t  IV o f the  th e s is  d ea ls  w ith  th is  
s u b je c t.
Cast uranium i s  not s u ita b le  as a f u e l  s in ce  i t  has a la rg e  g ra in  
s iz e  and t h i s  le ad s  to  marked su rface  w rink ling  on i r r a d ia t io n .  The 
am plitude o f th e  w rink ling  i s  dependent on g ra in  s iz e  and I t  can be 
v i r tu a l ly  e lim in a ted  by r e f in in g  the g ra in  s iz e  p r io r  to  i r r a d ia t io n .
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The be t a ^ ±  alpha uranium polymorphic tran sfo rm atio n  can he used to  
r e f in e  the  c a s t  g ra in  s iz e  by annealing  th e  uranium in  the  b e ta—phase 
and quenching in to  water* Technical p u r i ty  uranium as considered  in  
th e  p resen t s tudy  does not o f i t s e l f  re f in e  on h ea t trea tm en t and a 
sm all amount o f a llo y in g  elem ent i s  needed to  achieve th i s  r e s u l t  hy 
s ta b i l i s in g  th e  beta-phase to  low er tem peratures* S tru c tu re  and h ea t 
treatm ent da ta  have therefor®  been accumulated on a rang© of b in a ry  
and complex a l lo y s .  Only a llo y s  o f low neu tron  cap tu re  c ro s s -s e c tio n  
a re  p e rm issib le  f o r  n a tu ra l uranium fu e lle d  therm al re a c to rs  and even 
s o ,  th e  t o t a l  a llo y in g  con ten t should be le s s  th an  about one atomic 
p e r c e n t. At th ese  low le v e ls  o f a l lo y  a d d it io n , c o n s ti tu t io n a l  
diagram d a ta  were not a v a ila b le  in  s u f f ic ie n t  d e t a i l ,  and in  some 
c a s e s , they  have had to  be e s ta b lis h e d . This su b je c t i s  d e a lt w ith  
under P a r t XX o f th e  th es is*
Creep p ro p e r tie s  and sw ellin g  can he s ig n i f ic a n t ly  a f fe c te d  by 
th e  form and d is t r ib u t io n  o f im purity  phases. Techniques have been - 
developed to  id e n t i fy  th e  in c lu s io n s  found in  te c h n ic a l p u r ity  m etal 
and th i s  work forms P a r t  I  of th e  th e s i s .  In fo rm ation  on creep 
p ro p e rtie s  forms -Part I I I*  I t  i s  of in t e r e s t  th a t  creep p ro p e r tie s  
a re  improved by an in c reased  g ra in  s iz e ,  whereas red u c tio n  in  
w rink ling  i s  favoured by a red u c tio n  in  g ra in  s iz e .  This lead s  to  
c o n f l ic tin g  requirem ents as  reg a rd s  the s tru c tu re  o f the f u e l .
This th e s is  th e re fo re  p re se n ts  the r e s u l t s  o f  a study in to*
(1) In c lu s io n s  and secondary phases found in  te c h n ic a l 
p u r i ty  uranium.
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(2) The e f f e c t  o f a llo y in g  to  promote e i th e r  g ra in  
refinem ent o r improved creep p ro p e r tie s ,
(3) P re fe rre d  o r ie n ta tio n  induced by m echanical working 
and i t s  removal by h ea t tre a tm e n t.
At th e  commencement of t h i s  work th e re  was l i t t l e  p rev ious in fo r ­
m ation p u b lish ed  in  th e  open l i te r a tu r e *  A com pletely new approach was 
th e re fo re  req u ired  to  provide in form ation  considered  to  be re le v a n t t o  
the  problem o f  i r r a d ia t io n  damage encountered in  therm al r e a c to r  f u e l .  
A longside w ith  t h i s  programme, work has been going on in  sev e ra l 
la b o ra to r ie s  in  t h i s  country and a lso  in  America, B u ssia  and France*
Some o f t h i s  work has subsequently  been p u b lish ed , p a r t ic u la r ly  in  th e
( h-papers o f th e  two Seneva Conferences' * ,
There has no t however been any g rea t overlap w ith  the  work p resen ted  
in  t h i s  th e s i s .  F or example, American workers have re p o rte d  work on
fg \
in c lu s io n s  in  uranium ' '  b u t t h i s  th e s is  i s  s t i l l  th e  f i r s t  comprehensive 
in v e s tig a tio n  in to  th e  m etallographic  fe a tu re s  o f B r i t i s h  as d i s t in c t  
from American uranium. There a re  d iffe re n c e s  between th e  two m a te ria ls?  
f o r  in stan ce  B r i t i s h  fu e l  i s  made from c a s t  and h ea t t r e a te d  uranium 
to  which s ig n if ic a n t  amounts o f iro n  and aluminium have been added a t 
th e  m elting  stage*
Again much o f the  a llo y in g  work p u b lish ed  by bo th  B r i t i s h  and 
American w orkers, has been concerned w ith  considerab ly  h ig h er a llo y in g  
con ten ts than  those  s tu d ie d  in  t h i s  work* H igher a llo y in g  con ten ts  
req u ire  enrichm ent of th e  fu e l  w ith ^>35 s in ce  th i s  i s  not a t  p resen t 
f e a s ib le  w ith  th e  ty p e  o f therm al r e a c to r  operating  in  6-re a t  B r i ta in ,  
th ey  have been la rg e ly  excluded from th i s  th e s is*
f i n a l l y ,  th e  d a ta  p re sen ted  in  t h i s  th e s is  on creep  p ro p e r tie s  
and p re fe r re d  o r ie n ta tio n  have n o t been adequately  covered elsewhere 
and t h i s  w i l l  be brought out in  th e  ap p ro p ria te  sec tio n s  o f  th e  th e s is*  
This i s  not su rp r is in g  because th e  study o f uranium i s  a r e la t iv e ly  
young su b jec t and th e  f i e ld  i s  very big* Where in fo rm ation  i s  a v a ila b le  
which can be considered  re le v a n t to  t h i s  t h e s i s ,  th en  i t  w i l l  be 
d iscussed  under th e  ap p ro p ria te  heading*.
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FAB5M
TBS immglCATION OF IMPURITY FH&SSS IN I3RMIUM METAL
1 . HITEOBlTCTXOIf . ' V- .  , .
Technical p u r i ty  uranium considered  in  th e  p resen t study w&s 
produced by th e  therm al red u c tio n  o f uranium te t r a f iu o r id e  by magnesium 
end subsequent rem elting  o f th e  re a c to r  b i l l e t  and c a s tin g  in to  
approxim ately one inch diam eter ro d s . A ty p ic a l  com position would be 
( in  ■
€ 0 I H IV H S i Cr In I g
700 15 20 2 100 50 20 3... 15 8
A d e ta ile d  study o f uranium o f t h i s  type has n o t been p rev io u sly
rep o rted  although e x tra c ts  o f  th e  fo llow in g  work have been included  in
......................... ( 7} ■ ....................
a Geneva Conference paperv * by th e  p re se n t au th o r. Some o f th e se
e x tra c ts  have a lso  been included  in  a re c e n t review  o f th e  p resen t 
p o s it io n  on in c lu s io n s  in  uranium by M eredith and Waldron^
The general m etallograph ic  fe a tu re s  o f te c h n ic a l p u r i ty  uranium w i l l  
now be d escribed  and evidence pu t forw ard fo r  th e  id e n t i f ic a t io n  o f th e  
various im purity  phases. S ince i t  i s  necessary  t o  hea t t r e a t  th e  c a s t 
rod  to  r e f in e  th e  g ra in  s iz e ,  th en  th e  importance of th e se  im purity  
phases on th e  response to  h ea t trea tm en t becomes apparen t.
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I n  s tudy ing  th e  im p a rity  phases p re se n t i n  uranium th re e  
se p a ra te  approaches have been made*-*
(1 ) M etallographic  exam ination o f  uranium  to  which th e  
elem ents norm ally p re se n t a s  im p u rit ie s  have been 
in te n t io n a l ly  added, and c o r re la tin g  th e  e tch in g  
behaviour o f th e  secondary phase w ith  th e  corresponding 
behaviour observed i n  te d s n ie a l ' p u r i ty  m eta l.
(2) M eta llog rsph ic  exam ination o f as«*casi uranium o f,
■ te c h n ic a l 'p u r i ly *
(3) E x tra c t io n ' o f  th e  in c lu s io n s  follow ed-by 2~ray  
exam ination o f  th e  re s id u e s .
i^ M L w m m x o  k M x s s a im  o f  m m x m  c o m m a m  a m m m m  .*1111 i" in 1 in m i i i  1 1 n nr  ■ ~>n m in  1 hi i i i  > 1 "i     ' 1 in ' i iiiirn 'i i iinw'i'i i ''. ■ 1 mmim r miimi ■iinping(iirii>iiniinin iii in 1 n rniiifniiir'i'T iniin rimni nmrii r-jn iiirrr- iiir r r n f f r ' i m
A i^ m o e s  op n p im iT f phase . ,
... , A s e r ie s  o f  b in a ry  uranium a llo y s  m th . carbon, oxygen, n i tro g e n , 
i ro n , .aluminium and s i l ic o n ,  were p repared  by a re -m eltin g  to  avoid 
carbon contam ination during  m e ltin g , . M d itio n a l  a l lo y s  con ta in ing  . 
i ro n  and aluminimi 7/ere p repared  by h ig h  frequency induction  m eltin g  
and c a s tin g  in to  g ra p h ite  moulds*..
2»1* M ate ria ls  and Methods 
2*1*1, Mat e r i a l s
■ :*fff.wiTiTni.i:itwgaj»auwrniwyi.ff:r.ni,UB
S in te re d  compacts w ith  by w eight and Xfo by w eight o f  th e  r 
a d d itio n  elem ents were prepared  f o r  subsequent a re  m e ltin g , . .
The chemical com position o f  the,uranium, powder used  In. th e se  
experiments. wass-*.................
°2 ; EoO Oa
p*p*m.
S i  : . G > 2 F2 ■
0*1 0*04 30
to
100
205 68 500 210 60
’ Tb© exygen was added to  th e  above uranium powder as uranium 
dioxide and th e  n itro g e n  as uranium n itr id e *  Carbon, s i l i c o n ,  and iro n  
were added in  elem ental form* The powders were mixed and s in te re d  in  
alumina tubes in  a vacuum o f 1 x  10“^  mm* of mercury.
The a llo y s  o f uranium w ith  oxygen, n itro g e n , o r  © irbonw ere 
s in te re d  in to  compact form a t  11G0°C f o r  4  h . The uran ium /iron  and 
u ran iu m /s ilico n  m ixtures were s in te re d  a t 1G00°G f o r  4  h j  th e  low er 
tem perature was necessary  because iro n  and s i l ic o n  bo th  lower the 
so lidus 'tem pera tu re*  ;
Aluminium was added to  the in d u c tio n  m elt in  th e  fo m  o f a U i l g  
m aster alloy* : ; : ' - . ' ......
In  argon arc  m e ltin g , th e  specimen forms th e  p o s it iv e  pole o f a  
B*C. a re , th e  negative  po le  being  a tu n g sten  rod* The specimen r e s t s  
on a, w ater cooled copper h ea rth  and i s  m elted  in  an atmosphere o f  
p u r if ie d  argon, u su a lly  under reduced pressure*. In  th e se  experim ents, 
th e  gas p ressu re  was about o n e - th ird  o f an atmosphere and was g e ite re d  
by m elting  a  p iece  of tita n iu m  f o r  15 m inutes befo re  each s e r ie s  o f m elts*
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Spectroscopic a n a ly s is  had shown th a t  th e re  was no pickup o f copper
( 9)o r  tu n g sten  du ring  m elting  and no gaseous co n tam in a tio n '^7 * Each 
specimen was m elted sev e ra l tim es and tu rn ed  over between each melt* 
2*1*3* Ketallo g ra p h ic  p rep a ra tio n
The specimens were prepared  by g rin d in g  to  000 emery paper 
follow ed by mechanical p o lish in g  on alumina* The specimens were given 
a f in a l  e le c tro -p o lis h in g  trea tm en t in  a 1 volume su lp h u rie /l volume 
phosphoric/2  volumes a c e t ic  a e id / l  volume w a te r/b a th .
T h is , th e  s tandard  method of p re p a ra tio n ,, was s a t i s f a c to ry  f o r  
a l l  th e  a l lo y s  except the u ran iu m -s ilieo n , which s ta in e d  bad ly  during  
th e  alumina p o l is h ,  A sh o rt e le c t r o ly t ic  p o lish  removed th is  s ta in  
bu t a more prolonged p o lish  caused p i t t i n g  of th e  specimen*
2*2* R esu lts  :
2*2*1 * Uranium-carbon a llo y s
Some lo s s  o f carbon was experienced during  m elting* A s l ig h t  
dep o sit o f carbon was observed on the  copper h ea rth  and p ick-up  by the 
tu n g sten  e lec tro d e  tended to  ren d e r th e  e le c tro d e  b r i t t l e *  This was 
n o t s e r io u s , but the  e lec tro d e  was changed between melts* A marked 
sm ell of ace ty len e  was n o ticed  when p rep arin g  th e  specimens f o r  
m etallographic  examination*
Melt Uo*!. (0*46$ by wt* carbon)
The uranium m ono-carbide, a l ig h t  p o lish in g  c o n s ti tu e n t,  was 
p re sen t as  f in e  d e n d r ite s , except f o r  a reg io n  in  th e  cen tre  o f  th e  
sample, where g lobu lar type in c lu s io n s  were observed, f ig u re  1* The 
d e n d r itic  form o f in c lu s io n  appears to  be c h a r a c te r is t ic  o f th e  reg ions
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o f f a s t  c o o lin g , th e  specimen being  v i r tu a l ly  quenched when the a rc  
i s  sw itched o f f  . I tc h in g  in  50$ HMO^  in  w ater s ta in e d  the  in c lu s io n s  
a deep b lack  which proves to  be a d is t in c t iv e  t e s t  f o r  uranium 
mono-carbide, f ig u re  2 . In  some a reas  a much d a rk e r p o lish in g  phase 
was observed, which etched l i g h t e r  In  n i t r i c  acid* This phase was 
id e n t ic a l  w ith  th a t  found in  th e  uranium-oxygen a llo y s  d iscussed  
l a t e r ,  and found to  be uranium dioxide* Though i t  was norm ally p resen t 
a s  small: d e n d r ite s , i t  was o ccas io n a lly  observed embedded in  ,a uranium 
mono-carbide m atrix* ■
Melt ¥o*2* (0*82i  carbon)
The s tru c tu re  o f t h i s  a l lo y  was s im ila r  to  th a t  of Melt Mo • 1. 
except f o r  th e  in creased  q u a n tity  o f uranium m ono-carbide, p re sen t in  
r a th e r  more massive form*. M icro-hardness measurements on some o f th e  
l a r g e s t  g lobules o f UC were a ttem p ted , but the  r e s u l t s  were u n s a tis fa c to ry  
as  th e  g lobu les were to o  small*
2*2*2* Uraninm-oxygen a llo y s
During m e ltin g , a th in ,  v iscous c ru s t  formed on the su rface  ©f ‘ 
th e  molten specimen. When co o l, t h i s  c ru s t  f la k e d  o ff  r e a d i ly ,  and a  
sm all p iece  was crushed to  g ive a reddish-brow n powder, which on 
exam ination by X-ray d if f r a c t io n  methods proved, to  be p r im a rily  uranium 
dioxide w ith  a sm all amount of uranium* F i l l in g s  taken from th e  bulk  
of th e  specimen were a lso  analysed  by X -rays and found to  be m ainly 
uranium w ith  a sm all amount of uranium dioxide* F o rtu n a te ly  the uranium 
dioxide p a t te rn  i s  a p a r t ic u la r ly  good one and shows up r e a d i ly  even 
when the  amount involved in  the  m ixture i s  q u ite  small* These a rc  m elted 
specimens su ffe re d  a two p ercen t lo s s  in  weight du ring  m elting* I t  was 
no t p o ssib le  to  analyse f o r  oxygen so percen tages quoted a re  nom inal.
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Melt ITo«l* (Q«5/a oxygen)
The main im purity  phase was the  dark p o lish in g  one a lso  no ted  in  
th e  uranium-carbon a lloys*  I t  was p resen t m ainly in  a d e n d r itic  form , 
hu t th ere  was a c e n tra l  re g io n  co n ta in in g  more massive g lo b u le s , 
f ig u re  3* E tch ing  in  O^fo i n  w ater tended to  l ig h te n  th e  phase and
gave i t  a l i l a c  co lo u r (a s  seen under a  Beck microscope u s in g  mercury 
vapour lamp)* Heat t in t in g  produced no e f fe c t*  Examination under 
p o la r ise d  l ig h t  w ith  an o i l  immersion len s  gave a re d  c o lo u ra tio n  t® 
the  in c lu s io n s  and t h i s  has been rep o rted  to  be a  t e s t  fo r  uranium 
dioxide in c lu s io n s ^
A second im purity  phase in  the form o f  very  sm all d e n d rite s  was 
observed, bu t th ey  were too  sm all to id e n tify  by e tch in g  t e s t s  and may 
have been uranium monoxide o r  uranium mono-carbide from th e  o r ig in a l  
powder* There was however some a tta c k  around th ese  in c lu s io n s  when 
e tched  in  n i t r i c  a c id .
- Melt Ho*4 * ( t  wbmfe oxygen)
This was s im ila r  to  the  p rev ious m elt except th a t  th e  g lo b u les  tended 
to  have seg regated  in  the lower h a lf  o f the  specimen. A second sample 
was a rc  annealed by ho ld ing  th e  a rc  Ju s t above th e  specimen and so 
m ain tain ing  i t  a t  j u s t  below i t s  m elting  point*  This had l i t t l e  e f fe c t  
on th e  s t r u c tu r e ,  but a  sk in  of UOg which con ta ined  some uranium m etal 
formed on th e  top  su rfa c e , f ig u re  4*
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2*2*3* U ranlum -nitrogen a l le y s
.These uranium/uranium n i t r id e  s in te r s  m elted  re a d ily  to  g ive a 
v ery  f lu id  m e lt.
. M elt Ho *5* (0*43$ n itro g en )
The s tru c tu re  had th e  same c h a r a c te r is t ic s  as th e  two previous 
a l lo y s ,  th a t  i s  an ex tensive  range of d e n d r itic  im purity  phase , f ig u re  5 # 
w ith  a sm a lle r , c e n tra l reg io n , co n ta in in g  th e  same phase in  g lo b u lar 
foim . The uranium n i t r id e  p o lish ed  a l ig h t  grey and in  th i s  re sp e c t 
resem bled the mono-carbide, bu t i t  d if fe re d  from th e  mono-carbide in  
th a t  i t  d id  not s ta in  in  n i t r i c  ac id  n o r show any signs of a ttack *  A 
v a r ie ty  of e tc h a n ts ,  in c lu d in g  10$ chromic a c id  in  w a te r, 10$ E^SO^ in  
w a te r, and an e tchan t of equal volumes o f HHO3/CH3 COOH/H2O were tr ie d *  
Since no s ig n s  o f  a t ta c k  were observed, th e  n i t r id e  must be very  , 
r e s i s ta n t  to  chemical a ttack *  An edge a tta c k  was obtained  by an ■ 
e le c t r o ly t ic  e tch  in  10$ chromic acid*,
This a lso  developed a f in e  s tru c tu re  o f a g lo b u la r  type network 
in  the  uranium m atrix  due, as w i l l  be shown l a t e r ,  to  th e  iro n  i n t e r -  
m e ta llic  phase U^Fe a r is in g  from th e  presence o f iro n  in  th e  o r ig in a l  
powder* Heat t i n t i n g  was t r i e d  w ith  very l i t t l e  e f f e c t ,  except f o r  a  
b leach ing  o f th e  n i t r id e  phase , w h ils t th e  uranium m atrix  became h eav ily  
s ta ined*  W illiam s^  ^  has rep o rte d  th a t  h ea t t i n t i n g  re a d ily  tu rn ed  
uranium n i t r id e  b la ck , and i t  i s  p o ssib le  th a t  t h i s  d iffe ren ce  may be 
due to  oxygen contam ination o f th e  uranium n i t r id e  powder p r io r  t® 
a llo y in g  in  th e  p resen t experim ents, lead in g  to  the form ation  o f  a  
TJO-dM phase, th e  compounds b e ing  isomorphous*
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The only o th e r  phase observed was the c h a r a c te r is t ic  dark 
p o lish in g  UOg which was p re se n t only  i n  sm all q u a n titie s*  
l e l t  ¥ 0 *6 . ( 0 *77$ n itro g en )
This specimen was very  s im ila r  in  appearance to  the p rev ious
melt*
2 . 2 *4 * tTranlum -silicon a llo y s
D if f ic u l ty  was encountered in  p rep arin g  f irm ly  s in te re d  compacts 
in  th ese  a llo y s  and th e re  was some s l ig h t  lo s s  o f powder p r io r  to  
m elting  due to  the  f r a g i l i t y  of the  s in te r s .
Melt Mo. 7* (0*4 w t.$  s i l ic o n )
The s tru c tu re  rev ea led  a g ra in  boundary phase surrounding a  b r ig h t 
p o lish in g  m atrix  of uranium* The g ra in  boundary phase appears to  have 
a e u te c tic  type s tr u c tu r e ,  f ig u re  6 f and i s  no t p resen t in  m assive form 
o r  as a  f u l ly  continuous boundary network. The e u te c t ic  phase s ta in s  
r e a d i ly ,  th e  s ta in  spreading  in to  the m atrix  of th e  uranium*
A sm all q u a n tity  o f a  l ig h t  p o lish in g  d e n d r itic  phase was p re se n t,  
and, since i t  s ta in e d  b lack  in  n i t r i c  a c id , i t  was taken to  be UC. 
Occasional d a rk e r g lobules o f UO2 were a lso  observed* 
l e l t  No*8* ( t  wt*$ s i l ic o n  nominal com position)
There was consid e rab ly  more of th e  e u te c t ic  phase p re sen t i n  th is  
sam ple, the  uranium being p re sen t as  d is c re te  is la n d s  embedded in  
massive e u te c t ic ,  f ig u re  7* G lobular UO2 and d e n d r itic  UC in c lu s io n s  
were again  observed*
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2.2*5* • Uranium -iron a llo y s
S lig h t s ta in in g  of th ese  a llo y s  was encountered on m echanical . 
p o lish in g  and was removed by a sh o rt e le c tro p o lis h ,  which a lso  rev ea led  
th e  s tru c tu re *
Melt Ho»9» (0*37 wt*$ iro n ) .  .
The iro n  phase occurs as a sem i-continuous network surrounding 
equiaxed g ra in s  in  th e  uranium m atrix* C onsiderable q u a n t i t ie s  o f 
d e n d r itic  UG in c lu s io n s  were p re se n t and a lso  a sm all amount o f XJGg* 
Examination betireen crossed  p o la r is e r s  rev ea led  the c a s t s tru c tu re  of 
uranium, the alpha-uranium  m acro-grains being  sub-div ided  by th e  UgFe 
netw ork, f ig u re  8*
Melt Ho.10* (0 .90  wt *$ iro n )
The s tru c tu re  was s im ila r  to  th a t  of Melt Ho *9, bu t w ith  an 
in crease  in  the  amount of th e  iro n  phase which formed th e  net-work, 
f ig u re  9* .
2*2.6* Uraninm-alnminlum a l 1 oys ' . -
Several uranium-aluminium a llo y s  up to  1500 p.p.m* aluminium 
(1 .3  at*$) were prepared by in d u c tio n  m elting  and c a s tin g  in to  one- 
inch diam eter rods* In  c h i l l  c a s t  m a te r ia l,  the  aluminium phase was 
found to  be p re se n t as a sem i-continuous and in te rg ra n u la r  network q 
type of s t r u c tu r e .  On annealing  in  the  gamma phase follow ed by slow • 
co o lin g , i t  had a more e u te c to id a l  appearance. This ’network1 was 
observed in  the  p o lish ed  co n d itio n , but i t  was b e t te r  defined  by an 
e le c t r o ly t ic  e tc h  in  a m ixture of 2 percen t c i t r i c  a c id , p e rcen t 
n i t r i c  a c id ,  i n  w ater, a f t e r  40 seconds and an e.m .f* of 6 v o lts*
The ♦network* d id  no t correspond w ith  the "boundaries of th e  alpha(
uranium m acro-grains* but i t  i s  presumed to  have p re c ip i ta te d  around 
th e  o r ig in a l  b e ta  g ra in s  on coo lin g  through th e  b e ta  ran g e .
There appeared to  be l i t t l e  r e la tio n s h ip  between th e  aluminium 
values ob ta ined  by chemical a n a ly s is  and the  amount o f network v is ib le  
m e ta llo g rap h ica lly . This i s  due to  re te n t io n  of th e  aluminium phase 
in  su p e r-sa tu ra te d  s o lid  so lu tio n  due to  ra p id  coo ling  on e a s t in g .
The samples were subsequently  annealed a t  800°C f o r  two lours in  argon 
and cooled slow ly to  room tem perature* Excess aluminium was th u s  
r e je c te d  from s o lid  so lu tio n  and a d i r e c t  c o r re la t io n  between com position 
and micro s tru c tu re  could  th en  be obtained* a s  evidenced by f ig u re s  10 to  
13* A more d e ta i le d  study o f th e  uranium r ic h  end of the uranium - 
aluminium and uranium -iron system s w il l  be re p o r te d  la te r*
2*3* D iscussion ■'
The m etallographic study  o f  th e  prepared  a llo y s  has provided 
in form ation  on th e  mode of occurrence and e tch in g  c h a r a c te r is t ic s  o f 
sm all amounts o f  C* 0* 1 ,  Si* Fe and A1 phases in  uranium. These 
elem ents r e a d i ly  form compounds w ith  uranium and occur a s  d i s t i n c t  
phases throughout th e  uranium m a trix .
Uranium mono-carbide forms bo th  d e n d r itic  and g lo b u la r in c lu s io n s  
on a rc  m elting  depending* p robab ly , on th e  r a t e  o f coo ling  a t  
tem peratures j u s t  above th a t  o f  s o l id i f i c a t io n .  I t  can be re a d ily  
id e n t i f ie d  by e tc h in g  in  $0fo HFOy in  w ater in  which i t  b lackens.
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Uranium d iox ide forms c h a r a c te r is t ic  dark  d e n d rite s  and g lo b u la r  
in c lu sio n s*  which give a d is t in c t iv e  red  tran sm iss io n  co lo u r, when 
examined under p o la r ise d  l ig h t  and o i l  immersion o b jec tive*  I t  i s  o f 
in te r e s t  th a t  th e  dioxide has on occasions been observed to  be embedded 
in  a compound e tch in g  dark in  n i t r i c  acid* One p o ssib le  ex p lan a tio n  
i s  th a t  th e  0Og in  the  presence o f  carbon r e a c ts  w ith  uranium to  form 
a rim  of uranium monoxide and the  s ta in in g  in  n i t r i c  a c id  i s  due to  
carbon in  th e  00 la y e r ,  so th a t  a  c ross—se c tio n  o f  th i s  in c lu s io n  re v e a ls  
a lay ered  s t r u c tu r e ,  b e lieved  to  c o n s is t  o f  UOg/dX/uranium, where UX 
i s  U (0,C). A s im ila r  e f f e c t  w il l  be re p o rte d  in  a  subsequent s e c tio n  
on rem elted  uranium , bu t w ith  a r a th e r  d i f f e r e n t  exp lan atio n  (se e  
f ig u re  26)*
So f a r  a l l  attem pts to  dev ise  a  p o s it iv e  e tch in g  t e s t  f o r  n i t r i d e  
id e n t i f ic a t io n  have been u n su ccess fu l, s in ce  i t  appears r e s i s ta n t  to  a l l  forms 
o f  chemical a ttack *  The f a i lu r e  to  b lacken  on h ea t t i n t in g  in  th e  
p re sen t experim ents may have been due to  con tam ination , b u t ,  on th e  
o th e r  hand, contam ination  may have been re sp o n s ib le  fo r  th e  e f f e c t  
rep o rted  by W illiam s^®^*
The s i l i c o n ,  iro n  and aluminium c o n s titu e n ts  a l l  form a sem i- 
continuous network around presumably the  o r ig in a l  b e ta -g ra in s*
3* EHPAhhOURAfHIC EXAUMTIOg OF URA¥IUM OF TECHNICAL PURITY
The second approach to  in c lu s io n  id e n t i f ic a t io n  has Involved 
ex tensive  m etallograph ic  work on the  n a tu re  and mode o f occurrence ©f 
Im p u ritie s  p re se n t as  in c lu s io n s  in  m etal of te c h n ic a l p u rity *  Us© i s  
made o f th e  in form ation  ob tained  from the  fs y n th e t ic 1 a l lo y s ,  by app ly ing  
I t  to  th e  in c lu s io n s  observed in  c a s t  uranium*
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3*1* C la s s if ic a t io n  of In c lu s io n s  -
The in e lu s io n s  can be c la s s i f ie d  in  seven d i s t i n c t  ty p es  accord ing  
to  t h e i r  co lo u r , form and e tc h in g  c h a ra c te r is t ic s *  These a re  d escribed  
below*
3»t*1* Type I  in c lu s io n s
These are  u su a lly  p re sen t as  i r r e g u la r  g lo b u les  u su a lly  p re sen t 
in  c lu s te r s  ( a t  random throughout th e  bar) and sometimes a s so c ia te d  
w ith  s la g  in c lu s io n s ,  f ig u re  14 * A fte r e le c t r o ly t i c  p o lish in g  th e  
in c lu s io n s  appear l ig h t  grey In  colour* They a re  not s ta in e d  b lack  in  
n i t r i c  ac id  thus e lim in a tin g  c a rb id e , bu t th ey  a re  a ttack ed  around th e  
edges* ... .
These in c lu s io n s  a re  found in  g re a te s t  numbers in  c ru c ib le  re s id u e s ,  
i n  th e  seg regate  zones o f b i l l e t s  and In  a s so c ia tio n  w ith  s la g  po rosity*  
Chemical a n a ly s is  has shown th a t  th e se  m a te r ia ls  a re  high in  oxygen*
They have a much l ig h te r  co lo u r than  the  dark  p o lish in g  uranium dioxide 
and they  do no t show th e  re d  co lo u ra tio n  under p o la r ise d  illu m in a tio n *
I t  i s  considered  th e re fo re  th a t  th e  type I  in c lu s io n s  a re  uranium
monoxide* This in c lu s io n  i s  s im ila r  to  a phase produced s y n th e t ic a l ly
( 6 ) '
by Dickerson e t  a l v * and id e n t i f ie d  as 00*
M icro-hardness measurements on a number o f samples gave hardness 
va lu es ran g in g  from 510 to  670* The r e s u l t s  on in d iv id u a l specimens 
showed considerab le  s c a t te r ,  u s u a lly  o f the  o rd e r o f  *  ^  po in ts*
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3.1 *2* Type I I  in c lu sio n s
These in c lu s io n s  are  c h a ra c te r is e d  p r im a rily  by th e i r  cubic form 
and e tch in g  c h a r a c te r is t ic s .  In  th e  p o lish ed  co n d itio n  they  appear 
l ig h t  grey and th e  la rg e r  p a r t ic le s  o f te n  show s ig n s  of a complex 
s tru c tu r e ,  f ig u re  15* They sometimes appear to  be cored w h ils t  in  
o th e r  c a ses , they  have a secondary cube o u tlin e d  w ith in  the prim ary 
c r y s ta l s ,  f ig u re  16. The cubes a re  ra p id ly  s ta in e d  black in  5Ofo n i t r i c  
ac id  in  w ater, th u s  suggesting  from the previous experience on ’ syn the tic*  
(a rc  m elted) a l lo y s ,  th a t  uranium mono-carbide i s  p re se n t. In  th e  
complex cubes, th e  s ta in in g  i s  n o t q u ite  as  b lack  as was th e  case w ith  
th e  ’ syn thetic*  a l lo y s .  Also th e  phases p resen t were s ta in e d  a t  
d if f e r e n t  r a t e s ,  th e  in te rn a l  cube having th e  l e a s t  s ta in .  The dark 
cores which a re  o f te n  observed a re  due, i t  i s  suggested , t o  th e  removal 
o f the  c e n tra l  cube by e tc h -a t ta e k .
The d iffe re n c e  in  th e  r a te  of s ta in  a t ta c k  between the  type I  and 
type I I  in c lu s io n s  i s  seen in  f ig u re  17*
Cubic in c lu s io n s  were p re se n t in  a l l  b i l l e t  and e a s t  uranium. They 
s t i l l  rem ained a f t e r  rem e ltin g  and hold ing  a t  tem peratures up to  14OO0C, 
although th i s  trea tm en t re s u l te d  in  growth o f th e  cubes w ith  a 
corresponding re d u c tio n  in  t h e i r  number, as  can be seen by comparing 
f ig u re  15 w ith  f ig u re  28* Under such high tem perature c o n d itio n s , 
growth was sometimes p a r t ic u la r ly  pronounced a t  th e  co rn ers  o f th e  
prim ary cube and in  f ig u re  16, a cubic in c lu s io n  i s  shown w ith  secondary 
cubes growing from th e  co rners of the  prim ary cube.
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Ilicro—hardness measurements were only p o ss ib le  on some o f th e  
la rg e s t  cubes found in  rem elted  uranium* The va lu es  ob tained  were in  
th e  range *JQO to  910 V*F*IT*
The two main d iffe re n c e s  between type I I  and type I  a re  th a t  in  
th e  form er, some s ta in in g  e f f e c t  i s  ob ta ined  w ith  n i t r i c  a c id  e tc h a n t,  
and the  hardness values a re  considerab ly  h igher th a n  those f o r  type  I  
inclusions*. The e tch in g  c h a r a c te r is t ic s  of type I I  cuboids a re  v ery  
s im ila r  to  uranium mono-carbide and the hardness i s  comparable w ith  
the  values o f 850  to  1000 ob ta ined  011 p repared  uranium mono-
carbide*.
From th i s  ev idence, i t  i s  concluded th a t  th e  dark e tch in g  c o n s titu e n t
o f  th e  cuboids I s  uranium mono-carbide* The o th e r  c o n s titu e n t o r
c o n s ti tu e n ts ,  a re  d i f f i c u l t  to  id e n t i fy  p o s i t iv e ly ,  but s in ce  the
e tch in g  a t ta c k  i s  s l i g h t ,  they  a re  probably oxide and n i t r i d e ,  bo th
o f which a re  isomorphous w ith  the carbide* The cored s tru c tu re  i s  due
to  d is so lu tio n  caused by p ro g re ss iv e  a tta c k  on prolonged etch ing*
The complex cubic phase i s  th e re fo re  e s s e n t ia l ly  UC w ith  th e
l ig h te r  e tch in g  p o r tio n  r ic h e r  in  oxide o r  n i t r i d e ,  and i t  i s  designa ted
UC (0*F*)* P a r d o e ^ ^  has observed th a t  seg reg a te  a rea s  o f calcium -
reduced b i l l e t s  show a h igh n itro g e n  co n ten t, so th a t  in  seg regate  zones,
th e  in c lu s io n s  a re  most l ik e ly  to  be n itro g e n - r ic h  Ul'(CO)* In  American 
( 12)workv '  v a r i a b i l i ty  o f X-ray spacings o f UC has a lso  been a t t r ib u te d  to  
replacem ent of carbon by oxygen and n itro g en  in  the l a t t i e e *
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The growth o f the  co rners  of th e  cubes favoured by ho ld ing  a t  high
tem peratures can be exp lained  as  follows* i f  growth i s  ra p id  so th a t
th e re  i s  in s u f f ic ie n t  tim e f o r  th e  c ry s ta l  to  m ain ta in  i t s  eq u ilib riu m
shape through t r a n s f e r  o f m a te ria l from th e  co rn ers  to  p o s itio n s  along
the face  o f th e  cube, th en  pro tuberances w i l l  appear a t  the corners?
th ese  probably c o n s ti tu te  th e  beginning of d e n d r i tic  growth* I f  the
cube i s  very sm all as  in  c a s t  uranium, the  growth advantage o f  th e
corners i s  s l ig h t  because the  d is ta n c e s  concerned a re  so sm all th a t
d if fu s io n  in  th e  l iq u id  phase can m ain tain  a n e a r ly  uniform co n cen tra tio n
a l l  around th e  cube and th e  cubic shape i s  m aintained* There i s  then
l i t t l e  tendency f o r  d e n d r itic  growth to  develop* :
( 13)Papapetrou ' s tu d ied  th e  r e c r y s ta l l i s a t io n  o f  n o n -m eta llic  
substances and concluded th a t  a t  moderate r a te s  o f  grow th, th e  co rners  
which begin  to  develop p r e f e r e n t ia l ly  do no t con tinue to  grow as ro d s , 
but grow in to  o th e r  c ry s ta ls  o f  th e  same s iz e  and shape and p h y s ic a lly  
contiguous w ith  th e  one from which they  o r ig in a te d . This p ro cess  i s  
continued and r e s u l t s  in  a s e r ie s  o f idiom orphic c r y s ta l s ,  i . e .  bounded 
by plane f a c e t s ,  connected a t  t h e i r  co rn e rs , th u s  producing th e  prim ary 
s ta lk  o f a d e n d r itic  system* I t  has been observed th a t  w ith  type I I  
In c lu s io n s , secondary cubes do grow a t  th e  fo u r corners of a prim ary 
cube c r y s ta l l i s in g  out from the p a ren t uranium , f ig u re  16. Some o f the 
undeveloped co rn er s i t e s  appear s l ig h t ly  rounded and i t  may be supposed 
th a t  the  rounding r e s u l t s  from a t ra n s fe r  of m a te r ia l away from th e  
corners under th e  d riv in g  fo rc e  o f su rface  te n s io n , decreasing  th e  t o t a l  
su rface  area  of the elem entary dendrite*
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'' Typ®’ XIX inc lu sions 
■ In c lu sio n s  o f  th i s  type occur i n  se v e ra l forms* cu b ic , i r r e g u la r  
and d e n d r i tic .  • They a l l  s t a in  b lack  ra p id ly  i n  th e  n i t r i c  a c id  e tch an t 
and appear to  be com pletely homogeneous, f ig u re s  18 and 19* They a re  
' therefore- considered  to  be  uranium  mono-carbide by comparison with- th e  
behaviour o f  the  aro-m alted  U-0 a llo y s  • The cub ic  form i s  f re q u e n tly  
encountered i n  p roduction  uranium and . i s  s im ila r  t o  th e  ty p o  XX except 
th a t  they a re  w holly UC. The d e n d r i t ic  form i s  m ost common i n  rem elted  
m etal although angu lar in c lu s io n s  a re  found a t  th e  to p  o f ram elted  b a rs ,  
f ig u re  20. The h ig h  frequency* o f  XJG in c lu s io n s  i s  due to  contam ination 
during  m elting  i n  g ra p h ite  c ru c ib le s .
The m icro-hardness value s 'w e re  in  th e  range 820 to  910 Y .P .tf ., : 
see  f ig u re  21* I t  i s  o f  i n t e r e s t  th a t  th e  d ic a rb id e  i s  re p o r te d  to  be 
com paratively u n a ffe c te d  by th e  n i t r i c  a c id  e tcfo fa^ . and i t  i s  n ev er 
found to  be p re se n t in  te c h n ic a l p a r i ty  uranium .
. XT in c lu s ions
These a re  p re se n t as. a  network o f  f in e ly  d isp e rsed  p a r t i c l e s ,  semi— 
coniinous In  n a tu re  and d is t r ib u te d  throughout th e  m a te r ia l ,  f ig u re  22. ' 
I t  appears to  d e lin e a te  a  grain, s t r u c tu r e  corresponding to  th e  o rig in a l, 
b e ta  s tr u c tu re  and i t  b e a rs  no r e la t io n s h ip  to  th e  alpha-uranium  
s tru c tu re  observable under p o la r is e d  illu m in a tio n .
From a  comparison o f  th e  m e ta llo g rap h ic  exam ination o f  the  a rc  
m elted a l lo y s ,  th is  network i s  composed o f  th e  in te rm e ta l l lc s  co n ta in in g  
aluminium, I ro n  and s i l i c o n .  Boring c a s t in g , th e  uranium i s  a lle y e d
w ith  a d d itio n a l amounts o f aluminium and iro n  to  f a c i l i t a t e  g ra in  
refinem ent on subsequent beta-quench ing , so th a t  th ese  two elem ents 
a re  the m ajor Im p u rity  c o n s ti tu e n ts  of th i s  netw ork.
This network can be observed In  the p o lish e d  co n d itio n  but i t  I s  
b e t t e r  d e fin ed  by etching* The TJAlg phase i s  d e te c te d  by an e le c t ro ­
l y t i c  e tch  (2p c i t r i c  a c id , ■§$ n i t r i c  ac id  ? 40 seconds w ith  an e .m .f  * 
o f  6 v o lts )*  UgFe i s  made more r e a d ily  v is ib le  by an immersion e tch  
in  equal p a r ts  o f  n i t r i c  and a c e t ic  ac id s  f o r  10 to  15 m inutes, 
f ig u re  .23* .. .
. 3*1*5» Type V in c lu s io n s  .
These c o n s is t  o f grey/brown f la k e s ,  with, a sp in e  o f d a rk e r, d is c re te  
p a r t ic le s  as I l l u s t r a t e d  in  f ig u re s  24 and 25* They are  found in  b i l l e t  
m a te r ia l,  prim ary c a s t  b a r ,  and rem elted  m etal bu t th ey  a re  com paratively 
r a re  in  uranium which has been hea t t r e a te d  in  th e  b e ta  phase and w ater 
quenched*
(  A
Mogard and Cabans- have syn thesized  th i s  in c lu s io n  by h ea tin g  
uranium in  a high p re s su re  hydrogen atmosphere a t  600°C * This in c lu s io n  
i s  ta k e n 'to  be uranium hydride*
I t s  com parative r a r i t y  in  beta-quenched uranium i s  probably  due to 
th e  f a c t  th a t  i t  decomposes on h ea tin g  and e i th e r  does not p r e c ip i ta te  
out o r  only  p r e c ip i ta te s  in  a much f in e r  form , because of the  h igh  r a te s  
o f  quenching*
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3.1.6* Type ¥1 in c lu s io n s
This in c lu s io n  occurs o ccas io n a lly  in  th e  heads of b i l l e t s  in  
a s so c ia tio n  w ith  entrapped s la g .  I t  i s  r e s i s t a n t  to  a t ta c k  by a l l  
th e  e tch an ts  te s te d  and in  t h i s  re sp e c t i t  i s  s im ila r  to  the uranium 
n i t r id e  produced sy n th e tic a lly *
3 .1 .7*  Type VII In c lu sio n s
* iiasiee^aw eem dw w eeBieaediw iiew ew im aw w aeew eeem w saee
This c o n s titu e n t i s  e a s i ly  recogn ised  by i t s  p u rp lish  tin g e  in  the 
a s-p o lish e d  co n d itio n , f ig u re  26. In  th is  r e s p e c t , i t  i s  id e n t ic a l  w ith  
th e  UOg produced in  th e  a rc  m elted alloys*  This i s  confirm ed by th e  
appearance of a red d ish  in te rfe re n c e  co lou r em itted  when examined 
under o i l  immersion and p o la r is e d  l ig h t*
UOg i s  th e  main c o n s titu e n t o f o x id ised  uranium su rfaces  bu t i t  
I s  seldom observed as  an in c lu s io n  in s id e  a uranium c a s t  bar* I t  i s  
however p re sen t in  q u a n tity  in  th e  o x id e -ric h  la y e rs  o f as-reduced  
b i l l e t s *  I t  i s  a lso  found in  rem elted  uranium*
Whereas UC o r  UC(CM) darkened on e tch in g  in  n i t r i c  a c id  m ix tu res , 
the  p u rp lish  UOg tends to  lig h ten #  On h ea t t i n t i n g ,  th e  UOg in c lu s io n s  
tu rn  a l i l a c  colour* M icro-hardness measurements, 20 gram lo a d , on one 
p a r t ic u la r ly  good specimen gave c o n s is te n t read in g s  of 670* The 
specimen and im pressions a re  shown in  f ig u re  27*
4* EFFECT OF BBMEhTIM OH CAST UBAHIPM
Cast rods of uranium show no tendency to  seg reg a tio n  o f the  
in c lu s io n s  because of the ra p id  r a te  of coo ling  du rin g  casting*
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However th e  carb ide  cubic in c lu s io n s  do appear to  be s l ig h t ly  b ig g e r in  
s iz e  and few er in  number a t  th e  top  of the  ro d  th an  a t  th e  bottom*
Also th e  in te rm e ta l l ic  network i s  r a th e r  more pronounced a t  th e  top  of 
th e  ingo t due to  th e  lower co o lin g  r a t e .  There i s  a s l ig h t  tendency 
to  a g re a te r  co n cen tra tio n  o f  uranium monoxide in c lu s io n s  a t  th e  top  
o f  th e  in g o t.
Cast rods were rem elted in  a g rap h ite  c ru c ib le  and h e ld  a t  
tem peratures of 12G0°C, 1400°G and 1600®C f o r  tim es o f up to  4 h o u rs .
They were then  cooled in  th e  c r u c ib le .  I f  th e  in c lu s io n s  could be roads 
to  segregate  to  th e  top  of th e  in g o t by t h i s  tre a tm e n t, a measure of 
p u r if ic a t io n  could th en  be achieved  by cro p p in g  o f f  the  seg reg a te  layer*
At 1200°C, th e  cubic in c lu s io n s  remained u n affec ted  in  sh ap e , b u t 
grew in  s iz e  from 4 p  to  10 j i  w ith  a corresponding red u c tio n  in  number, 
f ig u re  28. At th e  h ig h er rem e ltin g  tem p era tu res , th e  i s o la te d  cuboids 
had disappeared  and were rep laced  by d e n d r itic  ca rb id es  a t  th e  to p  o f 
th e  ro d , f ig u re  19* At th e  bottom , the cuboids had agglom erated in to  chains o r 
r o s e t t e s ,  f ig u re  29* There was no seg reg a tio n  o f carbon d u ring  th e  
rem eltin g  p ro c e ss . The carb id es  had f a i le d  to  go in to  so lu tio n  a t  120G°C, 
bu t a t  1400°C they  d id  d isso lv e  in  th e  m olten uranium.
In  some eases d u rin g  c o o lin g , mixed d e n d rite s  o f  uranium d iox ide  
and uranium mono-carbide were form ed, w ith  the carb ide  coming ou t around 
an a lread y  formed UOg d e n d r ite , f ig u re  30. This im plies th a t  th e  U02 
p la te s  out as a d en d rite  a t  th e  h ig h er tem perature on co o lin g , whereas 
th e  carb ide forms a t  lower tem perature from out o f s o lu tio n .
The hydride f la k e s  appeared unchanged a f t e r  the  rem eltin g  trea tm en t 
and since  hydride d is s o c ia te s  re a d ily  on h e a tin g , then  i t  must mean th a t
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th e  hydride reform s on cooling* and th e i r  fo rm ation  w i l l  he a id ed  "by 
th e  low r a t e  o f  coo ling  in  the  c ru c ib le*  The on ly  im p u ritie s  th a t  
showed any tendency to  seg regate  on rem eltin g  were th e  monoxide* which 
formed a pronounced segregate  la y e r  a t  th e  to p  of the bar*
4*1* Id en t i f  i  c a t ion of In c lu sio n s  by E x trac tio n
In  rem e ltin g  c a s t  uranium b a r ,  a heavy co n cen tra tio n  o f d e n d r itic  
in c lu s io n s  was found a t  th e  top  o f th e  b a r  bu t below th e  seg reg a te  layer*  
Both s in g le  phase and duplex d e n d rite s  have been observed and UO i s  
considered  from m etallograph ic  experience to  be a c o n s titu e n t o f  both 
Gray' rep o rte d  work On th e  e x tra c tio n  o f  d e n d rite s  p re sen t i n  uranium 
which had been rem elted 9 under f lu x ,  in  g ra p h ite  c ru c ib les*  In  on ly  one 
in s ta n c e , does he re p o r t  th e  d e te c tio n  of uranium mono-carbide and in  
th i s  case th e  sample was taken  from th e  su rfa c e  o f the bar* Gray 
concluded th a t  th e  d en d rite s  were UOg and th a t  a l l  the carbon p re sen t 
was in  so lu tio n  in  th e  uranium and no t as  a ca rb id e  phase* T his r e s u l t  
i s  su rp r is in g  because in  th e  p re se n t work th e  m ajo rity  o f th e  d e n d rite s  
s ta in  b lack  on e tc h in g , sug g estin g  0G* However th e  duplex d e n d rite s  do 
have an in n er core which i s  co loured  l i l a c  and t h i s  i s  a c h a r a c te r is t ic  
o f  UOg, bu t th e  o u te r  la y e rs  s t i l l  s ta in  b lack  a s  f o r  UC. Bene® to  
c l a r i f y  th e  q u estio n  o f w hether UC i s  p re se n t as such in  rem elted  uranium , 
i t  was decided to  re p e a t Grayf s  work and e x t r a c t  th e  d e n d rite s  f o r  X—ray  
analysis*  I t  must be remembered however th a t  th e  e x tra c tio n  method o f 
in c lu s io n s  i s  r e l ia b le  only when i t  can be ensured th a t  th e  in c lu s io n s  
are  no t a l te r e d  chem ically by th e  e x tra c tio n  process* I t  i s  therefor®  
adv isab le  to  c o r re la te  the  r e s u l t s  w ith  those  ob ta ined  from m etallog raph ic  
exam ination p a r t ic u la r ly  on th e  sy n th e tic  a l lo y s  p ie  pared  by a rc -m e ltin g .
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4•1•1• E x trac tio n  o f re s id u e s
A sample co n ta in in g  d en d rite s  from th e  to p  o f th e  b a r ,  re  m elted a t  
1400°c fo r  2 h o urs, was d isso lv ed  in  a c id if ie d  f e r r i c  ch lo rid e  so lu tion*  
The s o lu tio n  was b o ile d  to  expel d isso lv ed  gases and p u r if ie d  
argon was bubbled through continuously* The specimen was washed in  
carbon te t ra c h lo r id e  and dropped in to  the  so lu tio n  where I t  d isso lv ed  
reasonab ly  quickly* The argon supply  was m ain tained  throughout the 
process* When th e  re a c tio n  had ceased th e  re s id u e  was f i l t e r e d  o f f ,  
washed w ith  1$ hydroch lo ric  a c id  to  f re e  i t  from f e r r i c  c h lo rid e  and 
c a re fu lly  d ried*
4 *1*2 * 'X-ray a n a ly s is
The re s id u e  in  the  form o f a b lack  powder was examined in  th e  
Uni cam 9 cm powder camera, u s in g  Cuk c< ra d ia tio n *  The a n a ly s is  was 
c a r r ie d  out by comparing th e  f ilm s  w ith  s tan d ard  f ilm s  o f  uranium 
compounds*
4*1*3* R esu lts
The r e s u l t s  showed th a t  th e  resid u e  c o n s is te d  o f a m ixture o f UG 
and UOg w ith  a tra c e  o f u n id e n tif ie d  substance* The in te n s i ty  o f  th e  
UG p a tte rn  was q u ite  strong*
I t  i s  th e re fo re  concluded th a t  th e  00  d e n d rite s  do occur in  rem elted  
uranium* The duplex d e n d rite s  a re  probably UOg and UG, w h ils t  th e  
s in g le  phase d e n d r ite s ,  which s ta in  blade in  n i t r i c  a c id , a re  w holly UG 
(o r  p o ss ib ly  UX, where X can be carbon an d /o r oxygen)* UOg, which 
appears to  p r e c ip i ta te  a t  a h ig h er tem perature th an  the c a rb id e , forms a 
nucleus on which the carb ide  can p la te  out and in  th is  way both  duplex
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d en d rite s  and cuboids a re  formed* i f  th e  oxygen co n cen tra tio n  i s  mrtieh 
h ig h er than  th a t  o f th e  ca rb id e , the  carb ide  la y e r  i s  v e iy  th in  and can 
be masked by th e  p o lish  r e l i e f  and i s  d i f f i c u l t  i f  not im possible to  
observe* This probably ex p la in s  the  d iffe re n c e  between Gray’s  r e s u l t  
on a i r  m elted uranium and those  rep o rte d  above, which were on vacuum 
m elted metal*
5 , CONCLUSIONS
; A summary o f  th e  occurrence, form and chem ical n a tu re  o f  the various 
types o f in c lu s io n s  found in  uranium m e ta l, to g e th e r  w ith  t h e i r  e tch in g  
o r  o p tic a l c h a r a c te r is t ic s  and appearance a re  given in  Tables I  and II*  t
TABLE I  ■ :
ETCHXIG CHARACTERISTICS ASP HARDUBSS OF I1CLUSI01S Bf URAHXU1
ETCEHG BEAGEIT
BTCLU8I0E 
TYPE ;
10$ CrO-j i n  
Water 
E le c tro ly t ic  
100 ma/sq*cm* 
30 seconds
103s H2S04 in
Water 
E le c tro ly t ic  
100 ma/sq*cm* 
2 seconds
50$ HKO3 in
Water . . 
Immersion 15-45 
secs*.
Equal Vols* 
o f MO3/CH3
oooh/ h2o
Immersion 30-60 
secs*
HARDIESS 
20 gm* 
LOAD
I  -  uo S lig h t Edge 
A ttack
S lig h t Edge 
A ttack
S lig h t Edge ; 
A ttack
S lig h t Edge : 
A ttack
510-670
I I  -  u /c* o .u . Darkened
Complex
S tru c tu re
Darkened
Complex
S tru c tu re
Darkened
Complex
S tru c tu re
Darkened
Complex
S tru c tu re
730-910
I l l  -  UG Blackened Blackened Blackened Blackened 820-910
V -  UH f la k e s Darkened Rapid A ttack L i f f le  E ffe c t -
i x  -  m U naffected . U naffected U naffected U naffected -
VII -  uo2
■ ■
L igh tens in  
Colour
670
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From th e  s tudy  o f rem elted  uranium, I t  can he concluded th a t f
1 * Uranium carb id e  does no t d isso lv e  in  m olten uranium a t 1200® C.
D iffu sio n  does occur and the  carb id es in c re a se  in  size* S o liition
o f ca rb id e  occurs a t  1400°C and d e n d rite s  a re  formed on cooling*
©2* Uranium dioxide d isso lv e s  a t  1200 C and r e p re c ip i ta te s  in  d en d rite  
form on co o lin g .
3* On coo ling  from th e  m e lt, uranium d iox ide  p re c ip i ta te s  f i r s t ,
w h ils t th e  carb ide p r e c ip i ta te s  a t  a lower tem perature* On f a i r l y  
ra p id  co o lin g  supercooling  the uranium d ioxide causes p r e c ip i ta t io n  
o f th e  oxide and carb ide  toge ther*  This, g iv es  r i s e  to  complex 
d e n d r i te s ,  in  which the ca rb id e  p la te s  ou t on the o x ide .
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PAHT I I  -  EFFECT OF ALLOYING 01 tJHAlIIUli
This se c tio n  ©f th e s is  p re se n ts  an account of th e  m etallograph ic  
in form ation  ob ta ined  on d i lu te  uranium a llo y s  co n ta in in g  one o r  more o f:~  
aluminium, eh rom iim i,iron , niobium , tita n iu m , vanadium and zirconium*
The main aim o f  a llo y in g  uranium i s  to promote refinem ent o f  the c a s t 
g ra in  s iz e  ©n b e ta  heat trea tm en t and most of th e  work has been d ire c te d  
to  th a t  purpose# As a p re lim in ary  to  t h i s  pu rpose , a b r ie f  in tro d u c tio n  
in to  the g ra in  s tru c tu re  o f  te c h n ic a l p u r ity  u ran ium .is  f i r s t  given* . 
Grain S tru c tu re
The g ra in  s tru c tu re  cannot e a s i ly  be rev ea led  in  uranium by any
known conventional techniques and th e re f  ore uranium i s  usually examined
( 16}under p o la r is e d  l ig h t  making use o f the an iso tro p y  o f uranium - *
In  t h i s  work, th e  b e s t m etallog raph ic  p re p a ra tio n  was found to  be
p rep a ra tio n  w ith  emepy papers follow ed by a sh o r t p o lish  w ith  alumina
o r  diamond p as te  on a nS e ly y tw pad* This i s  fo llow ed by an e le c t r o ly t ic
p o lish  in  a  b a th  co n s is tin g  o f 1 volume su lp h u ric  a c id ,  1 volume ,
phosphoric a c id , 2 volumes a c e t ic  a c id  and 1 volume w ater a t  a c u rre n t
2d en sity  o f  1 amp p er cm * The g ra in  c o n tra s t can be in c reased  g re a t ly  
by ano d ic in g  th e  e le c tro p o lish e d  specimen in  a s o lu tio n  c o n s is t in g  of 
12 g  chromium t r io x id e ,  200 ml phosphoric a c id  and 5$ ml water*
The g ra in  s tru c tu re  of c a s t uranium i s  v a r ia b le  and co n ta in s  g ra in s  
o f  up to  se v e ra l m illim e tre s  d iam eter, f ig u re  31* A columnar g ra in  
s tru c tu re  can be revealed  in  the  ingo t by a m acro-etch in  50 p e r cen t 
copper su lphate  so lu tio n  using  ob lique i l lu m in a tio n , f I  gore 32*
These macro—g ra in s  o f te n  possess a sub—s tru c tu re  which, can be observed
re a d ily  under th e  microscope* This i s  confirm ed by X-ray microbeam 
(173s tu d ie s  * o f te c h n ic a l p u r ity  uranium which show th a t  th e se  sub—g ra in s
d i f f e r  in  o r ie n ta tio n  by only  a few degrees* H igher p u r ity  uranium
(produced by an e le c t r o ly t ic  ro u te  and m elted in  an a rc  fu rnace  and
having t o t a l  im p u ritie s  o f le s s  than  100 p a r ts  p e r m illio n )  does no t
show t h i s  f in e  su b -s tru c tu re  even a f t e r  annealing*
An o u tstan d in g  fe a tu re  o f th e  m etallography o f uranium i s  the  g re a t
v a r ie ty  of tw inning observed and i t  c e r ta in ly  seems to  be a more
im portant mod© of deform ation th an  s l i p  p a r t ic u la r ly  a t  th e  low er
tem peratures o f  deform ation* I t  i s  suggested th a t  t h i s  may be due t©
th e  com plicated arrangem ent o f th e  orthorhom bic s t r u c tu r e ,  in c o rp o ra tin g
as i t  d o ss , co rrugated  p la n e s , covalen t bonding and a high degree o f 
C18anisotropy^ * An example of th e  g re a t v a r ia t io n  to  be found in  tw inning 
p a tte rn s  can be seen by comparing f ig u re s  33 and 3 4 , showing tw inn ing  in  
th e  rim  and c e n tre  of a re e le d  rod* In  th e  rim , the s tru c tu re  i s  more 
ty p ic a l  of a confused, worked a lpha s tru c tu re*  The tw inning i s  o f a very  
f in e  n atu re  and very numerous, and th e re  i s  a sug g estio n  th a t  deform ation 
bands have formed running alm ost h o rizo n ta lly  ac ro ss  the f i e l d  o f  view* 
Towards the cen tre  of th e  bar le s s  working was n o te d , the g ra in  s tru c tu re  
being  le s s  confused and the tw inning being of a  broader nature*
An in te r e s t in g  phenomenon observed in  t h i s  reg io n  was th e  appearance 
o f  twinned in te r s e c t io n s  of a p p a ren tly  a new ty p e , f ig u re  35* Under
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h ig h e r power and w ith  a s l ig h t  r o ta t io n  ©f th e  micro scope s tag e  , th e  
e f f e c t  ob tained  was as f ig u re  36* This shows th a t  in  e f f e c t  a p rocess 
ak in  to  c r o s s - s l ip  has taken  p la c e , in  th i s  case , tw inning proceeding 
along one plane and then  changing to  ano ther p la n e . This i s  n o t a 
tru e  in te r s e c t io n ,  as th e  crossed  tw ins do no t ©ccupy the whole a rea  
o f th e  "secondary** tw in . In  the  upper p a r t  ©f th e  photograph a s e r ie s
(19)
of tru e  tw in in te r s e c t io n s ,  as  describ ed  by Cabnv " ,  can be seen , 
th e  c ro ss in g  tw in  re v e r t in g  to  i t s  o r ig in a l  d ire c t io n  a f t e r  p ass in g  
through each c rossed  twin*
The c h a r a c te r is t ic  coarse m acro-grain s tru c tu re  o f th e  c a s t  uranium 
re q u ire s  refinem ent before i t  can be used as  a f u e l  in  a re a c to r*  
Experience has shown th a t  i r r a d ia t io n  w rin k lin g  can be v i r tu a l ly  
e lim inated  by a red u c tio n  in  g ra in  s iz e  down to  0*3  mm o r l e s s ,  i . e .  
by a fa c to r  of te n  o r more from the normal g ra in  size* In  the  fo llo w in g  
s e c tio n s , such a red u c tio n  in  g ra in  s iz e  i s  im plied  b jr th e  term 
'’adequate refinem ent*"'
^Refinement o f  g ra in  s iz e  can be brought about bys
(a )  m echanical working fo llow ed by an n ea lin g  o r  ho t working 
.00 making use of th e  polymorphic tran sfo rm atio n s  in  uranium 
The f i r s t  method lead s  to  p re fe rre d  o r ie n ta tio n  which in  tu rn  lead s  
to  i r r a d ia t io n  growth* The h ea t trea tm en t of te ch n ica l p u r i ty  uranium 
by quenching from the b e ta  o r gamma phases does no t r e f in e  the  g ra in  
s tru c tu re  o f t h i s  uranium , except f o r  a th in  su rface  sk in  or through 
very  th in  s e c t io n s .
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fo r tu n a te ly  quenching can g ive a refinem ent throughout a s e c tio n  
provided th e  uranium i s  a llo y ed  w ith  q u ite  sm all amounts of say  i ro n ,  
aluminium o r chromium, f ig u re  3 7 , and th is  w il l  he d iscu ssed  in  g re a te r  
d e ta i l  l a t e r .  Where b e ta  an n ealin g  i s  fo llow ed by slow co o lin g , a 
co a rse r s tru c tu re  than  th a t  found in  c a s t b a r  i s  produced. The g ra in s  
then  have much s tr a ig h te n  g ra in  boundaries and the  s u b -s tru c tu re  i s  
more e a s i ly  v i s ib l e .  The re c ta n g u la r  fo rm ation  o f the su b -g ra in s  i s  
ty p ic a l  o f a b e ta—annealed and slow ly cooled s t r u c tu r e ,  f ig u re  3 8 *
On th e  o th e r  hand, h igh  p u r i ty  uranium cannot be re f in e d  by b e ta— 
quenching in  the  absence o f a llo y in g  elements* Quenching does however 
induce su ff  i c ie n t  s t r a in  energy in to  the  uranium to  allow  i t  to  f e c r y s ta l -  
l i s e  to  a f in e  s tru c tu re  a t  620°C o r h ig h e r, f ig u re  39* This l a s t  r e s u l t  
has a lso  been re p o rte d  by American w o r k e r s ^ ^  • The presence of a l lo y in g  
elem ents would p reven t r e c r y s ta l l i s a t io n  by r a i s in g  th e  r e c z y s ta l l i s a t io n  
tem perature approaching th a t  o f th e  a lp h a -b e ta  tran sfo rm atio n  
tem perature* :
BHARY ALLOYS . '
2 *1 * Uranium-aluminium '
In  te c h n ic a l p u r ity  uranium , aluminium im p u ritie s  a re  p re se n t i n  th e  
form o f a semi—continuous XI Alg netw ork, which i s  not r e la te d  to  the 
alpha phase g ra in  boundaries but probably th a t  o f  th e  o r ig in a l  b e ta  phase. 
The ra p id  coo ling  during  c a s tin g  r e s u l t s  in  incom plete p r e c ip i ta t io n  and 
l i t t l e  r e la t io n s h ip  e x is ts  between m ic ro s tru c tu re  and chemical an a ly sis*
0A gamma-phase so lu tio n  trea tm en t a t  900 C f o r  2 h  follow ed by 
furnace co o lin g  i s  re q u ire d  to  p r e c ip i ta te  the  U Alg phase com pletely*
In  such specimens ,  a  reasonable  c o r re la t io n  can be ob ta ined  between 
th e  amount of network and aluminium c o n te n t, f ig u re s  10 to  13 *
( 21 'The g en era l form of the c o n s ti tu t io n a l  diagram has been p u b lish ed ' ' 
More d e ta i le d  in fo rm ation  concerning the  u ran ium -rich  end of the  diagram 
was however needed sin ce  i t  i s  w ith in  t h i s  range th a t  use can be made 
o f aluminium in  p ra c tic e  to  r e f in e  the  c a s t  g ra in  s iz e  of uranium*
Alloys based on te c h n ic a l p u r i ty  uranium were p repared  by in d u c tio n  
m elting  and c a s tin g  in to  g ra p h ite  moulds* The fo llow ing  h ea t trea tm en ts  
were c a r r ie d  ou t in  an argon atmosphere*
a) Gamma-annealings -  H eating a t  90G°C fo r  2 h  and fu rnace 
co o lin g  a t  3-5  C p er minute*
b) Gamma-quenchings — H eating to  9G0°C f o r  2 h and w ater quenching
c) Beta—quenching;— H eating a t  fo r  2 h and w ater quenching
d) Gamma-anneal and beta-quenchs -  H eating  a t  $00°C fo r  2 h , '
. 0fu rnace  cool to  750 C p r io r  to  water-quenching*
■ e) A lpha-annealingg— Anneal5.ng below 600°C
The normal p re lim in ary  m etallograph ic  p re p a ra tio n  in c lu d in g  e le c t r o -  
p o lish in g  was g iven . For exam ination under p o la r is e d  illu m in a tio n  the  
anodising  trea tm en t was used  to  improve c o n tra s t of th e  alpha g ra in  
s tru c tu re  »: -
■■■.- 39 ~ .
To re v e a l th e  IT AI2 phase under normal i l lu m in a tio n , th e  specimens 
were etched e le c t r o ly t i c a l ly  in  an aqueous s o lu tio n  co n ta in in g  2 percen t 
c i t r i c  ac id  and -g- p ercen t n i t r i c  acid* An ©pen c i r c u i t  v o ltag e  o f 
6 v o lts  was employed and the tim e ©f e tch in g  was 40 seconds* This 
d e tec ted  the p resence o f U Alg as  a dark grey  c o n s titu en t*
I n i t i a l l y  a l l  th e  samples were gamma annealed to  e s ta b l is h  th e  
n a tu re  of th e  equ ilib rium " s tru c tu re s .  With a 100 p.p.m* aluminium 
( 0*08 a t  •$) a g lo b u la r p r e c ip i ta te  was observed randomly d is t r ib u te d  in  
a uranium m atrix* At 750 p*p.m* aluminium (0*65 at*$) a continuous 
e u te c to id a l- ty p e  network of U Alg and uranium appeared, o u tl in in g  th e  
o r ig in a l  b e ta  g ra in s , f ig u re  10* In c reas in g  th e  aluminium con ten t 
produced an in c rea s in g  p ro p o rtio n  of e u te c to id , f ig u re  13 ? u n t i l  a t  
1600  p*p*ra* ( 1*4 a t .$  aluminium) a com pletely e u te c to id  s tru c tu re  was 
obtained*
On re h e a tin g  a l l  th e  specimens to  $K30°C f o r  2 h and w ater quenching^ 
a  sing le-phase  uranium s tru c tu re  wa,s produced f ig u re  4 0 *
On coo ling  th e  specimens from 900° C to  ^ 0°G  and w ater-quenching, 
th e  eu tec to id  network s tru c tu re  remained In  specimens co n ta in in g  aluminium 
in  excess o f 700 p*p*m* whereas a! s in g le  phase s tru c tu re  was produced 
a t  lower aluminium contents* This showed th a t  the  e u te c to id  network was 
formed as a r e s u l t  o f  coo ling  from 900°C to  75G°C and i s  the s tru c tu r e  
rep resen ted  by th e  change gamma U — > b e ta  U + U AI2 eu tec to id *  - : -:
In  the uranium-aluminium system , the e u te c to id  (gamma uranium to  
b e ta  uranium 4- U Alg) re a c tio n  occurs a t  a  com position o f 1600 p*p.m* 
aluminium ( 1*4 a t*$  aluminium). The maximum s o lu b i l i ty  of aluminium in
beia-uranium  i s  approxim ately 7^0 p .p .m . ( 0*6 a t*$) a t  75G@G* There 
was no evidence f o r  a  e u te c to id  decom position from the  b e ta -p h a se , th e  
s o lu b i l i ty  o f  aluminium i n  alpha-uranium  being  le s s  than  100  p.p.m*
( 0 .0 8  a t 4 )* .
From t h i s  d a ta ,  a t e n ta t iv e  uranium -rich  uranium-aluminium 
c o n s ti tu t io n a l  diagram up to  1*4 atom ic p ercen t aluminium has been 
e s ta b lish e d  and i t  i s  shown i n  f ig u r e  41 *
Gaismap-quenching g ives a  f in e r  g ra in  s iz e  th an  beta-quench ing , 
f ig u re s  42 and 4 3 * bu t i t s  u se fu ln e ss  i s  l im ite d  in  p ra c tic e  by a  
tendency to  crack in g  a t  h igher aluminium le v e l s .  On subsequent a lp h a - 
annealing  th e  aluminium was p r e c ip i ta te d  in  a f in e ly  d isp e rsed  form 
q u ite  d i f f e r e n t  from th e  c a s t  network s t r u c tu r e ,  f ig u re  44* I t  occurred 
w ith in  and around th e  a lpha m acro-grains and a lso  d e lin ea te d  th e  
su b stru c tu re  w ith in  th e  a lp ha-g ra ins* . The f in e  g ra in  s tru c tu re  ob tained  
on gamma-quenching, remained s ta b le  on alpha annealing! g ra in  boundary 
p r e c ip i ta t io n  i s  known to  r e s t r i c t  g ra in  growth so th a t  th i s  may he a 
c o n tr ib u to ry  f a c to r .
2*2* Uranium-iro n
A s im ila r  m etallogsphic s tudy  has been made ©f uranium a l lo y s  
con ta in in g  up to  1200 p.p.ra« iro n  (0*5 &t*$) aud le s s  th an  $0 p.p.m* 
aluminium* The o v e ra ll  c o n s ti tu t io n a l  diagram had alresjy  been 
e s t a b l i s h e d ^ ^  an^ b u t ag a in  a more d e ta i le d  survey of th e  uranium- 
r ic h  end was required*
The m eta llog raph ic  p re p a ra tio n  was s im ila r  to  th a t  fo r  th e  uranium - 
aluminium system except th a t  th e  UgF© phase was now b e s t rev e a led  by an 
immersion e tc h  i n  equal p a r ts  o f  n i t r i c  and a c e t ic  ac id s  f o r  between 
10 and 15 m inutes. This d e te c te d  the  UgFe a s  a  dark  brown c o n s ti tu e n t .
On annealing  a t  $00®G fo r  two hours and slow coo ling  to  room 
tem pera tu re , a com pletely e u te c to id a l  s tru c tu re  was ob ta ined  a t  a
com position o f  400 p .p .m , iro n  (0 .2  at.^C). In c rea s in g  th e  iro n  con ten t
re su lte d  in  th e  form ation  o f  a UgFe netw ork, f ig u re  45*
R eheating th e  specimens to  900°G and w ater quenching produced a 
s in g le  phase uranium s tru c tu re .  Reheating th e  specimens and slew 
coo ling  to  fJ$0°G before quenching suppressed the e u te c to id  s tru c tu re  
b u t s l ig h t  t ra c e s  of W^Fe were r e ta in e d ,  when th e  iro n  co n ten t exceeded 
400 p .p .m . (0 .2  a t .$ )*  ■ The beta-uranium  s o lid  so lu tio n  decomposes 
e u te c to id a lly  in to  alpha-uranium  and UgFe a t  400 p.p.m* iro n .
Prolonged soaking a t  J$0°G o f  th e  sample co n ta in in g  1200 p.p.m* 
iro n  (0*5 a t . fo) p r io r  to  quenching f a i le d  to  remove the TJgFe netw ork.
The maximum s o lu b i l i ty  o f iro n  in  beta-uranium  i s  considered  to  be ju s t  
l e s s  than  1200 p*p.m* iro n  (0 .5  a t . $ ) .  The s o lu b i l i ty  in  th e  a lp h a  phase
was too low to  be determ ined. '
The uranium r ic h  end of th e  c o n s ti tu t io n a l  diagram as determ ined 
by t h i s  in v e s t ig a t io n  i s  given  in  f ig u re  46*
Water quenching from 900° C re s u l te d  in  marked b e ta  r e te n t io n  fo r  
a l l  com positions above 300 p.p.m* iro n  and severe crack ing  occurred  when 
th e  com position exceeded 400 p .p .m . iro n  (0 .2  a t . $ ) .  Beta r e te n t io n  i s  
recognised  by th e  shear tran sfo rm atio n  products v is ib le  under p o la r is e d  
illu m in a tio n , f ig u re  47* Transform ation has p robably  occurred  du ring  
p rep a ra tio n  o f the specim en.
42 -
©Good g ra in  refinem ent was ob ta ined  on w ater quenching from  750 0 , 
provided th e  iro n  con ten t was between 200 and 400 p.p*m* Iro n  in  
excess o f 400 p.p.m* re s u lte d  in  re ten tio n  o f th e  b e ta  phase and quench 
crack in g , to g e th e r  w ith  th e  fo rm ation  of m assive UgF® a t  th e  g ra in  
boundaries, At lower i ro n  c o n te n ts , th e  iro n  was re ta in e d  in  so lu tio n  
bu t p re c ip i ta te d  in  a f in e ly  d isp e rsed  form on subsequent a lpha 
annealing# This l a t t e r  s tru c tu re  was s im ila r  to  th a t  ob ta ined  on 
annealing  the  gamma-quenched uranium -alum inium alloys*
2*3# Uranium~chrominm ;
A uranium + •§■ atomic percen t chromium a l lo y  can be g ra in  re f in e d
to  a  uniform  equiaxed s tru c tu re  w ith  a g ra in  s iz e  not exceeding 0*15  to
0 *2 mm by h ea tin g  in to  the  b e ta  range fo llow ed by iso therm al tran sfo rm atio n  
0a t  550 Of f ig u re s  4o and 49* Lowering o f th e  tran sfo rm atio n  tem perature 
decreases th e  g ra in  s iz e ,  b u t the  g ra in  boundaries became i r r e g u la r  o r  
even fea th e ry  in  n a tu re , f ig u re  50* Below 500°C an a c ic u la r  s tru c tu re  
i s  o b ta in ed , f ig u re  51* - ... v
The tim s-tem p era tu re -tran sfo rm atio n  curve f o r  t h i s  a l lo y  i s  g iven  - 
(7 )in  f ig u re  58 ? and i t  c o n s is ts  of two loops w ith  a w ell d e fin ed  break
between them# In  th e  upper C lo o p , tran sfo rm atio n  occurs by a p rocess 
©f n u c lea tio n  and d iffu s io n  whereas in  th e  low er C lo o p , tra n sfo rm a tio n  
occurs by a sh ear mechanism* The nos® of th e  upper loop i s  a t  575°G 
and i s  th e re fo re  ju s t  above th e  optimum iso therm al tran sfo rm atio n  
tem perature f o r  refinem ent*
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Compared w ith  te c h n ic a l p u r ity  uranium, a considerab le  degree o f
b e ta  s ta b i l i s a t io n  i s  obtained* This i s  such th a t  w ater quenching from
the  b e ta  phase le a d s  to  tra n sfo rm atio n  a t  a  low tem perature a t  which
the b e ta  phase i s  b r i t t l e *  This in  tu rn  le a d s  to  severe cracking* This
can only be overcome by u s in g  a h ea t trea tm en t based on iso therm al
tran sfo rm atio n  r a th e r  than  quenching*
Uranium -f -J- atomic p ercen t chromium appears s in g le  phase a f t e r
0 0iso therm al tran sfo rm atio n  a t  tem peratures between 550 C and 450 G, bu t 
th i s  i s  n o t an eq u ilib riu m  s tr u c tu r e ,  a s  i s  evidenced by the f a c t  th a t  
re h e a tin g  fo r  12 h  a t  55G°G p re c ip i ta te d  th e  chromium phase a t  th e  g ra in  
boundaries, f ig u re  52* The alpha g ra in  s tru c tu re  rem ains s ta b le  up to 
12 h  a f t e r  hea t trea tm en t i n  th e  range 550°G to  45U°C*
A uranium t  J-' atomic percen t ehromium has in s u f f ic ie n t  b e ta  
s ta b i l i s a t io n  to  render i t  s u ita b le  f o r  an iso th erm al tra n sfo rm atio n  
a t  550°G, s in ce  transfo rm ation  has a lready  s ta r t e d  befo re  t h i s  tem perature 
i s  reached* In  t h i s  a l lo y ,  th e  tran sfo rm atio n  i s  an atherm al one and 
i t  produces th e  h ig h ly  i r r e g u la r  g ra in  s tru c tu re  ty p ic a l, o f those found 
in  the  uranium-aluminium and uranium -iron a l lo y s  a f t e r  beta-quenching .
2 *4 * Uranium-niobium .
E xploratory  h ea t trea tm en ts  have been c a r r ie d  out on th e  uranium +
1 atom ic p ercen t niobium a l lo y  and a lso  on the  uranium + -g- atom ic percen t 
niobium a llo y  to  determine whether the  as—c a s t g ra in  s iz e  can be refined*  
With 1 atomic p ercen t niobium , gamma quenching gave good refinement 
whereas iso therm al tran sfo rm atio n s in  the range 45G°C to  550°C d id  n o t 
r e f in e  the  c a s t g ra in  s iz e  and n e i th e r  d id  beta-quenching*
The -Jr atomic percent a l lo y  d id  not r e f in e  by any o f th e se  h ea t 
treatm ents*
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TABLE I I I  .
OBAE? SIZE OF HEAT TREATED U5AIIE1I -  MOBIU1 ALLOTS
ALLOT ' -  HEAT TREATMEM* i
-  MAXIMUM GB 
SIZE mm# d
AH
l a .
Edge o f Bar Centre
D f l  a t .^  l b Beta-quenched 0*5 1 .5
Gamma-quenche d
Iso  therm ally  transform ed a t  5-  
450^0
0.25 0 .2 5
3*0 3*0
500°C 3*0 3.0
550° C 3.0 3*0
U + f  a t  •$> l b Beta-quenched 4 .0  . 4 .0
Gamma-quenched
Iso th erm ally  transform ed a t i —
2*0 2 .0
450°C 3 .0 3 .0
500uc 3 .0 3*0
550°c 3 .0 3 .0
2*5* U ranium -tlt ahitaa
The uranium—titan iu m  a l lo y s  up to  1 atom ic p ercen t titan iu m  were* 
even le s s  responsive  than  th e  uranium-niobium s e r ie s  to  th e  h ea t trea tm en t f 
s in ce  the uranium + 1 atomic p ercen t titan iu m  a l lo y  d id  not even r e f in e  > 
on gamma quenching# U ranlum -titanium  a llo y s  a re  not su sc ep tib le  to  
refinem ent by iso therm al -transformation*
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TABLE I?
GRAI1 SIZE <F HEAT TREATED TffiAHIUM-TITAlIUM ALLOYS
1IAXIMDM GSAH
- ALLOT HEAT TEEATMEBT v  SIZE mm* dia*
Edge of Bar Centre
U + 1 s t . /0 Ti Beta-quenched 3 .0 1*0
Gamma-quenched 3*0 1 .0
2 . 6 * tbranium-zirconium
Alloy ad d itio n s  up to  2 atomic p ercen t zirconium  gave good 
refinem ent on Both b e ta  and gamma quenching* Zirconium , l ik e  tita n iu m , 
tended to  form carb id es  in  th e  uranium , even in  th e se  low a d d itio n  
alloys*- ■
: : ~ TABLE V ''
G1AIH SIZE OF HEAT TREATED UE.AEHBI-ZIBCOEIUI! ALLOTS
ALLOT HEAT -TBEATSffiBT ;.
MAXIMUM GBAH 
SIZE mm* dia* ,
Edge o f Bar Centre
U + 1 at*/C Zr Beta—quenched 0*1 0 .1
Gamma-quenched 0 .1 2 5 0 .2 5
U + 2 a t  0% Z t Bet a-quenched 0*25 0 .2 5
Gamma-quenched 0 .1 0*3
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2*7* Uranium-vanaflium
( 23)The uranium-vanadium c o n s ti tu t io n a l  diagram i s  r e p o r te d ' 7 to  
be a  sim ple e u te c t ic  system w ith  no in te rm ed ia te  phases* Gamma and 
b e ta  uranium s o lid  so lu tio n s  bo th  decompose by e u te c to id a l r e a c t io n s  
to  the  ap p ro p ria te  uranium phase and a vanadium~rich s o lid  so lu tio n *
The maximum s o lu b i l i ty  of 'vanadium in  gasma-uranium has p rev io u s ly  been 
quoted a t  10 atom ic p e rc e n t, In  b e ta  uranium as 2 atomic p e rc e n t,  and in  
alpha-uranium  a s  1 atomic p e rc e n t. The p re se n t m eta llog raph ic  s tudy  on 
a llo y s  based on te c h n ic a l p u r ity  uranium would however suggest t h a t  
th e  s o lu b i l i t i e s  quoted above f o r  th e  b e ta  phase and alpha phase a re  
to o  h ig h , and i t  i s  now proposed th a t  the s o lu b i l i ty  in  b e ta  uranium a t  
730 G i s  le s s  th an  0*54 atomic p ercen t and in  the alpha-uranium  i t  i s  
very much l e s s  th an  th i s  value*
There i s  a s tro n g  in d ic a tio n  th a t  urantum-vana&ium a llo y s  based 
on te c h n ic a l p u r ity  uranium a re  re f in a b le  by s tan d ard  heat trea tm en ts*
A uranium 4 1 atom ic percen t vanadium a l le y  was re f in e d  on gamma-quenching 
bu t not so w ell as beta-quenching5 some a llo y s  were su sc ep tib le  t© 
b e ta - re te n t io n  on gamma-quenching* This r e s u l te d  in  tran sfo rm a tio n  a t  
o r  near room tem perature to  an i r r e g u la r  a c ic u la r  s t r u c tu r e ,  f ig u re  5 3 ? 
t h i s  transform ed s tru c tu re  i s  o fte n  produced du rin g  the m eta llo g rap h ic  
p reparation*  The uranium + atomic p ercen t vanadium a l lo y  i s  b e s t  
re f in e d  by iso therm al tran sfo rm atio n  a t  about 5^0°^* A form o f  ra p id  
in d u c tio n  h ea tin g  and spray  quenching i s  more e f f e c t iv e  in  prom oting 
refinem ent from e i th e r  th e  gamma o r b e ta  phase f ie ld s  than  th e  normal
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anneal and tank  quench. This may be due to  reduced g ra in  growth ©f th e  
high  tem perature phase as  a  r e s u l t  o f the  s h o r te r  anneal* An in te r e s t in g  
e f f e c t  was produced in  a 1 atomic percen t vanadium a llo y s  slow co o lin g  
from the  gamma-;phase range to  t h a t  o f  th e  b e ta—phase produced a  heavy 
e u te c to id  s tru c tu r e  w ith  ano ther phase In  th e  form o f n e e d le s , f ig u re  54* 
Repeat h ea t trea tm en t f a i le d  to  reproduce t h i s  need le  type o f s tru c tu re*
A s im ila r  s tru c tu re  has been observed in  th e  2 atomic percen t vanadium 
a l lo y . Attem pts to  Id e n tify  i t  u s in g  X -ray g lan c in g  angle and powder 
techniques were no t su c c e ss fu l. I t  i s  b e liev ed  th a t  th ese  need les  were 
a  vanadium -rich s o lid  so lu tio n  and i f  so , t h e i r  occurrence must depend 
on th e  achievement o f some very  s p e c if ic  co o lin g  co n d itio n s  over th e  
gaxnma-beta tran sfo rm atio n  ran g e . Hies® c o n d itio n s  war© presum ably 
s a t i s f i e d  in  th e  f i r s t  h ea t trea tm en t bu t not subsequently* The 2 atom ic 
percen t vanadium a llo y  i s  unusual in  th a t  i t  can be ob ta ined  in  a  f in e  
g ra in  co n d itio n  by c h i l l  c a s t in g .
TERIARY ALLOT ;
3*3* branium -alum inlum -iron
A s e r ie s  ©f specimens covering  th e  com position range o f 400-1400 p.p.m* 
aluminium and 80-400  p.p.m* iro n  was s tu d ie d  a f t e r  v a rio u s  h ea t treatm ents*  
I n i t i a l l y  th e  specimens were annealed a t  900&G f o r  two hours in  argon 
and furnace cooled to  room tem pera tu re . I n  th e  specimen co n ta in in g  
400  p.p.m* iro n  and 400 p .p .m . aluminium, a U^Fe network was p re se n t in  
a m atrix  o f  alpha-uranium  and TJgFe eu tec to id*  On g rad u a lly  in c re a s in g
th e  aluminium con ten t up to  14CO p.p.m* s tru c tu re s  id e n tic a l  w ith  
those observed in  uranium-aluminium a llo y s  were o b ta in ed , and the  
form ation of a UgFe network was suppressed* A double—etch in g  technique 
on these  l a t t e r  specimens in d ic a te d  th a t  th e  b e ta  U — *> alpha, IT +
U^Pe e u tec to id  was superimposed on th e  gamma U ■*«*-> b e ta  U t  BAlg 
e u te c to id , f ig u re  23*
Subsequent annealing  a t  900SC and w ater quenching suppressed  the  
form ation o f bo th  e u te c to id s . On th e  o th e r  hand, re h e a tin g  to  900 G, 
slow coo ling  to  750°C and w ater quenching e lim in a ted  only the  b e ta  B — > 
alpha U + U^Fe e u te c to id , Both trea tm en ts  r e s u l te d  in  adequate 
refinem ent*
Uranium co n ta in in g  700 to  1200  p .p .m . aluminium and le s s  th an  
100 p .p .m . iro n  d id  not re f in e  c o n s is te n tly  on beta-quenching  ( i . e .  w a te r-
V;quenching from 750 G}* Large g ra in s  up to  2 to  3 mm were observed 
throughout th e  s e c tio n  but e s p e c ia lly  c lo se  to  th e  rim . A good g ra in
refinem ent w ith in  the  range 0 .0 4  to  0 .2  mm was ob ta ined  on gamma—quenching
■ ' : ’ /
(i*e* w ater-quenching from 850°C).
Uranium.with JOO to  1200 p .p .m . aluminium and 100 to  350 p .p .m . iro n  
re f in e d  to  w ith in  th e  range 0.25 to  0 .5  mm on beta-quench ing . In c rea s in g  
th e  iro n  con ten t to  between 400  and 500 p .p .m . caused sh ear type 
transfo rm ations to  occur in  the rim  and c rack in g  was observed. The sh e a r-  
type tran sfo rm atio n  was more pronounced on gamma—quenching and could th en  
be observed w ith  as low as 200 p .p .m . iro n  p re s e n t ,  w ith o u t, however, 
any tendency to  crack ing  being  ap p a ren t.
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The in flu en c e  o f  aluminium and iro n  on th e  b e ta -q u en ch in g . 
c h a ra c te r is t ic s  o f  uranium a re  summarised diagram m atically  in  f ig u re  55* 
A lpha-annealing quenched specimens produced a  d isp e rsed  p r e c ip i ta te  
s im ila r  to  th a t  observed in  th e  b in a ry  a l lo y  s e r i e s .  Accompanying 
l a t t i c e  param eter changes during  a lp h a-an n ea lin g  were follow ed by X-ray 
exam ination. Hardness was a lso  t r i e d  but was no t found to  be s u ita b le  
because o f  th e  an iso tro p y  o f the uranium*
F ilin g s  f o r  X-ray exam ination were taken from the  quenched rod  and 
s t r e s s  re l ie v e d  by a lp ha-annealing  f o r  10 m inutes* The lump specimen 
was then  annealed in  vacuo f o r
(a ) a lpha-annealed
(b) a lpha-annealed  * 515°C/ 4  h
(c )  alpha-annealed  + 515°c / 4  h  + 40O@e/? 2  h
F il in g s  were prepared  a f t e r  each anneal and s t r e s s  re l ie v e d  f o r  
10 minutes a t  th e  f in a l  annealing  tem p era tu res . They were th en  photographed 
u s in g  a  9 cm Unicam powder camera and Cu/k oc r a d ia t io n .  Values f o r  th e  
l a t t i c e  param eters were then  ob ta ined  u s in g  Cohen1s a n a ly t ic a l  method o f  
l e a s t  squares^ .
SPECHEEF
LATTICE PARAMETER U1IT CELL 
VOLUME 
c .c .
a 
in  1
b
in  S
c
in  f
Beta-quenched 2.851 5.882 4*936 82.76  X 1C"24
Alpha-annealed 2.851 5.867 4*938 82.60  « *
« » 4. 515gc/ 1  h 2.848 5.861 4.932 82.32 w »
* « » »i « + 400°c/72 h 2.847 5.860 4.932 82.28 11 »
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P re c ip i ta t io n  o f i ro n  and aluminium r e s u l t s  in  a  c o n tra c tio n  ©f 
th e  u n it  c e l l  volume w ith  c o n tra c tio n  "being most marked along th e  b axis*  
fh e  specimens a re  reasonab ly  s ta b le  a f t e r  th e  400°C anneal so th a t  
p r e c ip i ta t io n  can be considered  p r a c t ic a l ly  complete*
USOUSSIOEf .. :
In  d isc u ss in g  th e  d a ta  summarised in  th e  p reced ing  s e c t io n s ,  i t  i s  
proposed to  co n s id e r the  g ra in  refinem ent r e s u l t s  as a  whole to  t r y  to  
e s ta b l is h  g en era l tren d s  i n  th e  s tr u c tu r a l  e f f e c t s  produced by a llo y in g  
uranium* This has a b ea rin g  on f u e l  m anufacture f o r  r e a c to r  i r r a d ia t io n ,  
s in ce  i t  i s  the  key to  th e  problem o f su rface  w rin k lin g  caused by la rg e  
g ra in  size*
Technical p u r i ty  uranium in  th e  form o f  s t r i p  can be re f in e d  on 
beta-quenching  because th e  c o o lin g  rat® w ith  s t r i p  causes s u f f ic ie n t  
depression  o f  th e  tran sfo rm atio n  tem perature to  allow  tra n sfo rm a tio n  to  
occur over a  c r i t i c a l  tem perature range* With one inch d iam eter ro d , t h i s  
i s  n o t p o ss ib le  and th e  b e ta  s ta b i l i s a t io n  must be achieved by a llo y in g .
The a llo y in g  elem ents can be c la s s i f ie d  in to  fo u r  main g ro u p s,
v iz :
1) Those w ith  in s u f f ic ie n t  b e ta  s t a b i l i s in g  c a p a c ity , e .g .  
niobium and titanium *
2) Those w ith  the c o r re c t  b e ta  s ta b i l i s in g  cap ac ity  f o r  b e ta  
quenching, e .g .  i ro n  and zirconium*
3) Those which over s t a b i l i s e  th e  b e ta  phase , e .g .  chromium*
These le a d  to  c rack in g  on quenching. Cracking r e s u l t s  from 
the  s t r e s s e s  which a re  produced by volume changes in  th e
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tran sfo rm atio n  o ccu rrin g  a t  tem peratures where bo th  b e ta  
and a lpha  uranium a re  r e l a t iv e ly  b r i t t l e *  By making use 
o f  th e  le s s  d r a s t ic  iso therm al tran sfo rm atio n  h ea t tre a tm e n t, 
i t  i s  easy  to  r e f in e  th e  uranium * atom ic percen t chromium 
a l lo y ,
4) With a llo y s  showing app rec iab le  delay  in  s t a r t  o f
tran sfo rm atio n  to  r e l a t iv e ly  low tem p era tu res , th e re  i s  
th e  p o s s ib i l i ty  o f  g ra in  refinem ent w ith  the  coo ling  r a t e s  
a s so c ia te d  w ith  c h i l l  casting*  This was th e  case w ith  the  
uranium + 2 atom ic p e rcen t vanadium a llo y *
A ll th e  a l lo y in g  a d d itio n s  tend  to  d ep ress  th e  tra n sfo rm a tio n  
tem perature a t  any s p e c i f ic  co o lin g  r a t e  and to  reduce the r a t e  o f  
tra n sfo rm a tio n , bu t t h e i r  e f f ic ie n c y  in  th e se  re sp e c ts  V aries w idely .
Some g e n e ra lis a tio n  i s  p o ss ib le  from a  c o n s id e ra tio n  of th e  eq u ilib riu m  
diagram . Those elem ents which e x h ib i t  a  marked change in  s o lu b i l i ty  
ac ro ss  th e  b e ta  to  alpha phase change, e .g .  i ro n  and chromium, have a  
much g re a te r  e f f e c t  th an  th o se  s t i l l  p a r t i a l l y  so lu b le  in  the  a lpha  phase, 
such as niobium . Aluminium i s  a  b o rd e rlin e  r e f in in g  a l l e y ,  s in c e  i t  
has a l im ite d  s o lu b i l i ty  in  th e  b e ta  phase and i s  th e re fo re  e f f e c t iv e  
on gamma-quenching but not on beta-quenching .
The tim e-tem p era tu re -tran sfo rm atio n  curve i s  l ik e ly  to  p rov ide 
ano ther guide s in ce  i t  g iv es  th e  induction  p e rio d  f o r  tran sfo rm atio n  to  
occur a t  th e  ap p ro p ria te  tem perature* An In d ic a tio n  of th e  b e ta -  
s ta b i l i s in g  cap ac ity  of th e  a llo y in g  elem ent i s  th ereb y  provided* The
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T*T.T# curves f o r  unalloyed  uranium , uranium + i  atomic percen t iro n
( * r \
and uranium + -|- atom ic percen t chromiunr a re  drawn in  f ig u re s  5^ * 57 
and 58* With unalloyed  uranium , the dep ressio n  o f  the  b e ta  phase i s  
s l ig h t  w ith  tran sfo rm atio n  from b e ta  to  a lpha ta k in g  p lace  by sh ear 
mechanism ty p if ie d  by the  one loop curve* B eta s t a b i l i s a t io n  i s  more 
marked w ith  th e  uranium + -J- atom ic p ercen t i ro n  a l lo y  w ith  a  s ig n if ic a n t  
in d u c tio n  p e rio d  f o r  tran sfo rm atio n  to  occur over th e  tem perature Tange 
rep re sen ted  b y  th e  bottom loo®, th a t  i s  by shear* The upper loop can 
be d isreg ard ed  in  t h i s  ex p lan a tio n  since  tran sfo rm atio n  occurs th e re  
by a  n u e lea tio n  and d if fu s io n  c o n tro lle d  mechanism, and i t  would be 
w ell above th e  tem perature ranges o f in te r e s t  to  a quenching operation*
The depression  o f th e  b e ta  tra n sfo rm atio n  i s  even more marked w ith  th e  
uranium-chroaium a llo y *  Iso therm al tra n sfo rm a tio n  can b® c a r r ie d  cu t 
in  th e  upper C loop g iv in g  an equiaxed f in e  grained, s tru c tu re  ty p ic a l  
o f  n u e lea tio n  and d if fu s io n  growth* Quenching however depresses th e  
b e ta  phase to  n ea r room tem perature  and i t  i s  no t a  p r a c t ic a l  p roposition*  
This f i t s  in  w ell w ith  th e  p ic tu re  derived  from th e  au th o r1 s  s tudy  o f  
g ra in  refinem ent by a llo y in g  w ith  iro n  and chromium, s in ce  chromium i s  
more e f f ic ie n t  th an  iro n  In  t h i s  resp ec t*
The uranium-chromium-iron te rn a ry  a l lo y  p rov ides ano ther in te r e s t in g  
example o f  t h i s  a p p lic a tio n  o f th e  T.T*T* curves* The presence o f  sm all 
amounts o f i ro n  causes an in c rease  in  th e  g ra in  s iz e  o f the  uranium 
£  atomic p e rcen t chromium a l lo y  f o r  a given iso therm al transfo rm ation*
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From th e  corresponding T*T*T* curve shown in  f ig u re  59, i t  I s  apparent 
th a t  w ith  0*2 atom ic p e rcen t i ro n  ad d itio n  to  th e  uranium + -J- atomic 
percen t chromium a l lo y ,  th e re  i s  an o v e ra ll red u c tio n  of in d u c tio n  
tim es "by a  f a c to r  o f  about f iv e*  The b e ta  s ta b i l is in g "  power i s  th e reb y  
reduced and th e  g ra in  s iz e  i s  in c reased  on h ea t treatm ent*
The work o f  W h i t ® o n  th e  s e r ie s  o f uraniura-chromiura a l lo y s  
in d ic a te s  th a t  the lower loop o f a  double loop T*T*T* diagram corresponds 
to  tran sfo rm atio n  by shear* I t  may th e re fo re  be id e n t i f ie d  w ith  the 
s in g le  loop o f unalloyed  uranium* I t  has been s ta te d  by Butcher; and 
Bowe^0  ^ th a t  th e  mechanism o f  tra n sfo rm atio n  in  pure uranium I s  a shear 
type* The ex p ress io n  ’sh ea r type * i s  taken  to  mean th a t  a daughter alpha 
g ra in  i s  n u c lea ted  by a  sh ear p rocess  In v o lv in g  th e  co -o p era tiv e  movement 
o f  l a t t i c e  p la n e s , an o r ie n ta t io n  r e la t io n  th u s  being  formed between ; 
p a ren t and daugh ter g ra in . The r e s u l t in g  nucleus may then  grow e i th e r  
by a co n tin u a tio n  ©f th e  sh ea r p ro c e ss , o r  by d if fu s io n  o r  bo th  combined? 
a t  low tem peratures th e  p ro cess  would be expected  t@ b® one o f shear 
alone*
The upper loop i s  o f  th e  form w ell known to  correspond to  a n u c le a tic n  
and d if fu s io n  p rocess  and th e  equiaxed n a tu re  ©f th e  g ra in  s tr u c tu r e  
produced by tran sfo rm atio n  a t  upper loop tem peratu res in  th e  uranium 
t  2 atomic p e rcen t chromium a l lo y  confirm s th is *  The loop a r i s e s  from 
th e  product o f two f a c to r s ,  a n u e le a tio n  term  which in c rea se s  as  
tem perature d e c re a se s , and a  d if fu s io n  term which in c re a se s  a s  tem perature 
increases*  In  th e  low est p a r t  o f  th e  lo o p , a mixed ac ic u la r /e q u ia x e d  
s tru c tu re  o b ta in s ,  which can be taken  to  confirm  the y4®w th a t  n u e le a tio n ,
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bow proceeding beyond the sub-microscopic stage f is a shear process#
At s l ig h t ly  h ig h e r  tem p era tu res , th e  high n u e lea tio n  r a te  and slow 
d iffu s io n  growth r e s u l t s  in  th e  development o f  numerous sm all equiaxed 
g ra in s  ( f ig u re  49)* This l a t t e r  co n d itio n  ty p i f i e s  th e  optimum 
tem perature of tran sfo rm atio n  o f 55®°® in  th e  uranium atomic p ercen t 
chromium a t  ju s t  below th e  nose o f  the  upper C loop*
COHChUSIGFS
1 * In  th e  uranium-aluminium system , th e  gamma U — > beta  tJ + U Alg 
eu te c to id  occurs a t  1600 p «p*m* aluminium (l* 4  a t* ^ ) • The maxi mm 
s o lu b i l i ty  o f aluminium in  beta-uranium  i s  approxim ately  'JOO p*p*m#
(0*6 a t#$) a t  750°C# ITo evidence was ob ta ined  to  suggest th e  presence 
o f a  b e ta  U — > alpha U + U Al2 eu tec to id #  The s o lu b i l i ty  of aluminium 
in  aIpha-uranium  I s  l e s s  th an  100 p.p.m# (0*8 at*^)«
2# In  th e  uranium -iron  system , the  maximum s o lu b i l i ty  of iro n  in  
b e ta  uranium i s  approxim ately 1200  p*p.m* ( 0*5 a t#$)*  A b e ta  U — > 
alpha U + UgFe e u te c to id  occurs a t  4®0 p.p*m* iro n  ( 0»2 at*$)#
3* In  th e  uranium-vanadium system , th e  s o lu b i l i t i e s  p rev io u s ly  
re p o rte d  fo r  vanadium in  bo th  b e ta  and alpha-uranium  a re  too  high*
The s o lu b i l i ty  i n  b e ta  uranium i s  le s s  than  0*54 atomic p ercen t vanadium 
and i t  i s  v ery  much le s s  In  alpha-uranium*
4* Uranium * -§- atom ic p ercen t chromium can be g ra in  re f in e d  by h ea tin g  
i n  th e  be ta-phase  follow ed by iso therm al tra n sfo rm a tio n  between 55®°® 
and 450° 0 , th e  s tru c tu re s  changing from a  polygonal type to  an a c ic u la r  ~ 
type* These tem perature ranges a re  below th e  nose of the upper G loop
on th e  T .T .T . diagram* The uranium + \  atomic p ercen t chromium a l lo y  
does not s t a b i l i s e  th e  b e ta  phase s u f f ic ie n t ly  to  allow  tr a n s f o rm tio n  
to  occur iso th e rm a lly  a t  550°C* : .
5* A lloys o f  uranium w ith  aluminium* vanadium o r  niobium can he g ra in  
re f in e d  on quenching from th e  gamma phase. Uiobium i s  a  b o rd e rlin e  
case* refinem ent re q u ire s  the  a d d itio n  o f a t  l e a s t  one atomic percen t 
niobium.
6 * , A lloys o f  uranium w ith  iron*  zirconium  and chromium can be g ra in  
re f in e d  on quenching from the  b e ta  phase* Chromium tends to  o v ers tab ilis®  
the  b e ta  phase and i s  b e t t e r  s u ite d  to  a  quench in te r ru p te d  a t  550 ®C9 
follow ed by iso therm al tran sfo rm a tio n .
7* A lloys o f uranium w ith  tita n iu m  cannot be re f in e d  on quenching 
from e i th e r  th e  gamma o r  b e ta  p hases.
8 .  Befinement re q u ire s  bo th  a c r i t i c a l  amount o f b e ta  s ta b i l i s a t io n  by
th e  a llo y in g  elem ent and a lso  a f a s t  co o lin g  r a t e .  Under th e se  co n d itio n s
o f  quenching* th e  alpha g ra in s  a re  produced by «r sh ea r a t  a  tem perature
range where th e  sh ear g ra in s  a re  k ep t sm all. The req u ired  degree o f
b e ta - s ta b i l i s a t io n  can be asse ssed  from the shape of the ap p ro p ria te
T .T .T . curve. The r e s u l t s  a v a ila b le  so fa r*  s u g g e s t ,th a t  those  elem ents
which slow down th e  b e ta  to  a lp h a  tran sfo rm atio n  a lso  show a  marked
decrease i n  s o l id  s o lu b i l i ty  ac ro ss  the  phase change* e .g .  i ro n  and
aluminium a re  e f fe c t iv e  from th e  b e ta  and gamma phases r e s p e c t iv e ly .
9* The, 1 ^ frn ary  uranium -iron-alum inium  a l lo y  i s  id e a l f o r  refinem ent
d'
by quenching p a rtic u la rly  under co n d itio n s  where^therm al g ra d ie n t ex tending 
from th e  gamma to  b e ta  phase e x is t s  during  heating*  e .g .  in  in d u c tio n  
h e a tin g . The iro n  and aluminium can be re ta in e d  in  so lu tio n  and a re  
r e p re c ip i ta te d  on subsequent an n ea lin g . 1
-  56 -
PAM* I I I , TEE CHEEP PROPERTIES OF P I M M  ' COHTAirorG DILUTE ALLOT ADDITION'S
t* imODUCTXOlT
The f u e l  to  be used in  a  therm al r e a c to r  should have good creep  
p ro p e rtie s*  I t  i s  neeessary  to  avo id  h igh  a llo y in g  con ten ts  on neu tron  
economy grounds, th e re fo re  the  b e s t  creep p ro p e r tie s  must be o b ta in ed  by 
o p tim isin g  th e  h ea t trea tm en t f o r  unalloyed  uranium or by a llo y in g  to  a 
l im ite d  ex ten t#  The creep  s tre n g th  o f c a s t  uranium i s  su p e rio r  to  th a t  
o f  h e a t t r e a te d  uranium because o f  the  la r g e r  g ra in  s iz e  in  the  form er
s
condition*  However th e  fu e l  should be in  th e  g ra in  re f in e d  co n d itio n
o therw ise i t s  su rface  would roughen on ir r a d ia t io n *  Most o f th e  work
d iscu ssed  below r e f e r s  to  f in e  g ra in ed  m ateria l*
C onsiderable e f f o r t  has been devoted to  the  development o f  more 
[ 0 7 }creep r e s i s t a n t  a l lo y s  ■ ' u s in g  conventional t e n s i l e  creep te s t in g  
machines* In  t h i s  p re se n t work however, a  sagg ing  b a r  technique has 
been developed and used* This has th e  advantage th a t  i t  i s  id e a l ly  
s u ite d  to  a com parative s o r t in g  t e s t  programme s in ce  a la rg e  number o f 
t e s t  samples can be hand led , and a  s t a t i s t i c a l l y  s a t i s f a c to ry  r e s u l t  
obtained* The n a tu re  ©f th e  s t r e s s  i s  als© c lo s e ly  r e la te d  to  th a t  
p re se n t in  a r e a c to r  f u e l  under o p e ra tin g  c o n d itio n s .
2 . METHOD AHD MATERIALS
The specimen i s  machined to  a  uniform  c y lin d e r  0*492 in .  d iam eter 
and 8*75 in .  long* This i s  canned in  aluminium o f nominal th ick n ess  
0*020 in .  I t  i s  then  supported  n e a r  i t s  ends in  a 1V1 b lo ck , p laced  in  
a fu rnace a t  500°C and allow ed to  sag under i t s  own w eigh t.
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In  th e  f i r s t  experim ents» i t  was not p o ss ib le  to  measure th e  sag 
a t  tem pera tu re .  Hence a t  in te rv a ls  of approxim ately  250 h , th e  fu rnace  
was sw itched o f f ,  allow ed to  c o o l,  and th e  b a rs  removed# They were 
p laced  in  tu rn  in  a  s tan d a rd  f V # block and the  sag  a t  t h e i r  c e n tre  
p o in ts  was measured w ith  re fe re n c e  to  a  s tan d a rd  b a r  o f  s ta in le s s  s te e l#  
F or each com position, th e  creep  curves shown have been ob ta ined  by 
averaging  th e  r e s u l t s  on approxim ately fo u r  id e n t ic a l  specimens# A 
ty p ic a l  example i s  shown in  f ig u re  6 0 *
In  l a t e r  experim ents, i t  was p o ssib le  to  measure th e  sag  a t  
tem perature throughout the  p e rio d  of t e s t  th ereb y  e lim in a tin g  th e  adverse 
e f f e c t  o f  la rg e  therm al c y c lin g  on th e  creep  ra te *  This was accom plished 
by s ig h tin g  th rough  a  window p laced  in  th e  s id e  o f th e  fu rn ace  housing
and measuring the  sag  w ith  a ca thetom eter l in e d  up o u ts id e  th e  furnace*
■ .. . VI
The m a te r ia ls  te s te d  are  l i s t e d  in  TABLES I I I ,  J f  and to g e th e r
w ith  th e  ap p ro p ria te  h ea t tre a tm e n ts  and g ra in  s iz e s  (see  s e c tio n  4 )*
The corresponding  chemical an a ly ses  a re  shown in  TABLE V*
THEORY ' ' ' /v,.;"'
Formulae used i n  the  c a lc u la t io n  o f creep  moduli (E) and maximum
strain rates (tJ*
In  th e  range o f s tr e s s e s  ap p lied  in  th e se  t e s t s ,  the  s t r a in  r a t e
, ... # _ 
i s  p ro p o rtio n a l to  the  s t r e s s ,  so th a t  a creep  modulus E can be d e fin ed ,
. ♦
by a n a lo g  to  e l a s t i c  m oduli, such th a t  E « s t r e s s / s t r a i n  ra te *
For many o f th e  m a te r ia ls  t e s t e d ,  v a lu es  o f the  sagging r a t e s  were 
ob ta ined  from th e  graphs shown* From th ese  sagging  r a t e s ,  th e  
corresponding creep  moduli were c a lc u la te d  from the  fo llow ing  eq u a tio n  
appli/able to  a ro d  supported a t  e i th e r  ends
where ¥  **• w eight o f  th e  b a r
%  -  a p p lie d  lo ad  a t  c e n tre  o f  b a r  ( in  th e se  t e s t s  I f  * 0 )
L * b a r  le n g th  (assum ing b a r  to  be supported  a t  i t s  ends)
I  « irli4 »  moment o f i n e r t i a  of th e  c ro ss  se c tio n  o f  th e  b a r
~64~ about th e  n e u tra l  ax is  
I) «■' d iam eter of th e  b a r 
y  *  sagg ing  r a te  (d e f le c t io n  r a te )
♦ %
For these  t e s t s ,  then  E •  511
"384 t y
which from our v a lu es  becomes E « (3540)
. )  \
The mazimma f ib r e  s t r e s s  i s  g iven  by £  « 4 + 2 ff^) I*
*  -TT
and th i s  becomes, when Wj * 0 9 & -AM.' -  109.3 Xh/in2
,  ' ■ ■ ■ ■ ■  " " d 3
How th e  s t r a in  r a t e  £ in  t h i s  f ib r e  «= ( r  ) *  0*031 y
: : ( E )  '
which g ives th e  maximum s t r a i n  ra te*
■RESULTS . \
'■4*1* E ffec t o f  h ea t trea tm en t v a r ia b le s  on uranium
The h ea t trea tm en t schedules a re  l i s t e d  in  TABLE XU to g e th e r  w ith
th e  t o t a l  s t r a i n  produced a f t e r  1500 h« The creep  curves a re  shown in
f ig u re  61#.
" mBLE I I I
STRAI! PRODUCES AT 1500 HOURS WITH VARIOUS BEAT TBEATmTS
Heat Treatment
S tra in  a t  
1500 k  
X 104 (in * )
G rain Sis© 
(12m)
B eta quench a lp h a  anneal f o r  2 h 
Beta quench alpha anneal f o r  24 h
415
•’"-300 '
\
0*15 max* 0*125 average 
0*05 max* in  rim  
— do "
Gamma quench a lpha anneal f o r  2 h 260 0 .1 5  max* throughout
Gamma quench a lpha anneal f o r  24 h • 265 : - • ■ ■ do. —
B eta quench (730°C i  h)
Gamma quench (8B0GC |  h)
from th e  c u rv es , i t  i s  d i f f i c u l t  to  d i f f e r e n t ia te  Between prim ary 
and secondary creep* Because of t h i s ,  the  c r i t e r io n  fo r  comparison ©f 
creep  s tre n g th  was taken  as  th e  t o t a l  s t r a in  produced a f t e r  1500  h*
The v a r ia t io n s  in  h ea t trea tm en t in v e s tig a te d , produced l i t t l e  
e f f e c t  on th e  c reep  s tren g th *  The b e ta  quenched sample annealed f o r  
2 hours was however found to  have le s s  creep  s tre n g th  between 1000 and 
1500  hours b u t up t i l l  th e n , th e re  was l i t t l e  d if f e re n c e , f ig u re  61*
4*2* E ffec t o f a llo y in g  on uranium |
4*2*1* Sag measured a t  room tem perature
The creep  curves in  f ig u re  62 i l l u s t r a t e  the e f f e c t  o f a l lo y in g  
w ith  molybdenum, vanadium and zirconium  on th e  creep s tre n g th  of uranium
-  60 -
a f t e r  b e ta  quenching and alpha annealings The t o t a l  creep s t r a in s  a f t e r  
1500 hours and 2500 hours a re  given in  TABLE I ¥ .  F o r c l a r i t y ,  th e  creep  
curves f o r  TJ-Mo—Gr a llo y s  which have been iso th e rm a lly  hea t t r e a te d  a re  
g iven in  f ig u re  6 3 .
' I f
STRAIIT PRODUCED AT 1500 AM) 2500 HOPES WITH VARIOUS ALLOYIHG
ADDITIONS
A lloying Heat Treatment
S tra in  
1500  h 
x 104 in*
S tra in  
2500 h 
x  104 in .
C rain  Size 
(mm)
j? a t*$  Mo 
+ •§ a t .$  Cr
Standard iso th erm al 
7 3 0 ° c  i  h 5 5 0 ° C  1 Ji 140 225
0 .1 2 5  max* throughout 
0* 05 ave* throughout
•§■ a t* ^  Mo'" 
i  -at*# Cr
ir
110 130 0*1 max* throughout 0 .0 5  av e . throughout
■§• a t  mfo Mo : : 
H at*$  Cr -
n
90 1 7 0 0 .1 2 5  max. throughout 0 .1  ave* throughout
-§■ at*$  Mo 
jg a t  *fo Cr
Standard iso th erm al 
7 3 0 ° 0  h  5 5 0 ° C  t  h 90 170
0*4 max. throughout 
0 .3  ave. throughout
•a a t .$  Mo 
+  (Fe/A l)
Beta;quench 
Alpha anneal 215 345
0*4 max. throughout 
0 .2 5  av e . th ro u ^ io u t
■§• at*$ Mo 
+  (Fe/A l)
n «
125 170 0 .2 5  max. throughout 0*20 av e . throughout
•fr a t .$  ¥ » ** .1 6 0 ; . 230 O.2 5  max. throughout 
0 .1 5  ave .  throughout
1  a t . #  V « » 145 210 O.2 5  max. throughout 
0* 20 ave * throughout
2 a t .#  Zr «  IT 520 770 0 .6  max. throughout 
O.3O ave . throughout
Standard
uranium
m n 420 540 0 .1 5  max* throughout 
0 .1 2 5  ave . throughout
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The U-2 a t . /  2 r a llo y  a f t e r  hea t trea tm en t to  r e f in e  th e  g ra in  
s iz e  had a  lower ereep s tre n g th  th an  te c h n ic a l p u r i ty  uranium* A lloying 
w ith  molybdenum enhanced th e  creep  s tre n g th  o f uranium both  where g ra in  
refinem ent was o b ta in ed  by beta-quenching  ( i t  was necessary  to  add 
sm all amounts o f  iro n  and aluminium to  promote refinem ent — see TABLE T O ) 
and by iso therm al tran sfo rm atio n  ( in  th e  presence of chromium ag a in  to  
f a c i l i t a t e  g ra in  refinem ent)*  The -§- a t* /  Mo + (Fe/A l) had a  b e t t e r  
creep  s tre n g th  th a n  the  *§- a t . /  Mo + (Fe/A l) but th e  rang© o f c reep  s tre n g th s  
f o r  v a r ia t io n s  in  Mo/Cr con ten t was not g rea t*  F or t o t a l  creep  s t r a i n  
a f t e r ,2500 h  th e  maximum improvement by a llo y in g  w ith  molybdenum gave a  
f a c to r  o f 3 compared w ith  th a t  o f  s tandard  uranium and th i s  f a c to r  was 
©f th e  same o rd er whether th e  a l lo y  con tained  ad d itio n s  ©f Fe/Al o r Cr* 
A lloying w ith  vanadium in c re a se s  th e  creep  s tre n g th , though th e  
improvement i s  n o t so marked as  w ith  th e  h ig h e s t molybdenum ad d itio n s*
The 1 .a t * / V a l lo y  produced a somewhat more pronounced low ering in  creep  , 
s t r a in  a f t e r  2500 h than  th e  -J- a t * /  V a l lo y .  They a re  in te rm ed ia te  in  , 
s tre n g th  between th e  ■§• a t . / l o  *f (Fe/A l) a l lo y  and th e  -§- a t . /  Mo"t ( F e / l l )  
and have a f a c to r  o f  improvement o f approxim ately 2*5*
The creep  m oduli, sagging r a te s  and maximum s t r a in  r a t e s  a t  500°C 
w ith  zero lo a d , a re  given in  th e  fo llow ing  ta b le t
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TABLE ¥
A lloying Heat Treatment Sagging 1st© in /h  x 10 *
Creep Modulus 
£ x  10r° 
lb  ( in .^  h)
Maximum S tra in  
r a t e /h  
1  x  10?
i  a t  * f o  Mo 
-§• a t  » f o  Cr
Standard iso therm al 
Heat trea tm en t 730°G •§■ h 
----& 550qC i  h
94*0 3 .3 2 .9
i  <&.%•% Mo 
a t .$  Cr
n 8 7 .O 4 .1 2 .7
•§• a t*$  Mo 
^  a t .^  Cr
M 6 6 .0 5*4 2 .0
•§• a t .$  Mo 
J  a t .$  Cr
n 7 0 .O 5 .1 2 .2
i  a t* ^  Mo 
(Fe/A l)
Beta ciuench a lp h a  anneal 
730 i  h w.qu. + 5 5 0 °c /l h
140*0 2.5 4 .3
■§ a t*$  Mb 
(Fe/A l)
Beta quench alpha anneal 6 0 .0 5*9 1 .9
-§• at®^ ¥ « *t 70 .O 3*1 2 .2
1 ■ a t  » f a . ¥ « t# 7 0 .0 5 .1 2 .2
2 a t  * f o  Zr » » 310.0 1 .1
Standard 
uranium ’■'•
M M 2 0 0 .0 i*7 6 .2
The chemical analyses f o r  th e  m a te r ia ls  te s te d  a re  given below s
TABLE V I
v Fominal 
Composition .
Chemical A nalysis  
: . , ( p . p * n u )  ...
Standard uranium ? i C 9?0 , ? e  200-500, A1 500-1200
• § r a t # $ .M o  : 
■ ■§ a t*$  C r  ’
C 600, F® 95, A1 35, Mo 490, ;
Cr 730
•J* a t* ^  Mo ;
J  a t . #  Cr ; v
C 450, F e. 132, A1 60 , Be- 490,
Cr 230
• a t##  M© 
.•g at##  Or
C 550, Fe 99 , A1 50 , Mo 1550,
: Cr 840
‘ a t##  Mo ■■• : ■
■J at##  Or :
G 6 0 0 , F e  92 , A1 40, Me 1370 , » •
'C r  260
i  a t .#  Mo (Pe/A l) Fe 320, A1 420, Me 590
f  a t  .#  Mo " ( F e / A l - C 900, Fe 320 ,  A1 470, Mo 1370
i  a t  .#  V C I 45O* Fe 190, A1 23 , V 970
1  a t  4  V C 1570, Fe 120 , A1 5 5 , V 2000
4 . 2 . 2 # Bag measured a t  tem perature o f t e s t
In  t h i s  l a t e r  s e r i e s ,  th e  sag  was measured, a t  tem perature throughout 
the perio d  o f t e s t i n g ,  th e reb y  e lim in a tin g  e f f e c ts  on creep  p ro p e r tie s  
due to  la rg e  therm al c y c le s .
The r e s u l t s  a re  summarised in  TAILS V II, which i s  no t comparable 
w ith  TABLE IV s in ce  th e  l a t t e r  r e s u l t s ,  the  sam ples were removed from 
the  furnaces and measured a t  room tem p era tu re . The creep curves a re  
p lo t te d  in  f ig u re  6 4 *
-  64 ~
«iQ
S3 •d
T**to .. •
m © S3
«3 •P H
03 <e
P3CH
S3 O
eS rH
<Dfeed H
S3
H
eS
ft
P
CQ •
S3rH «H
P'H'
O O
E-i rH
© Hto)
08
fl
©
<4
M
£
m
m
f tEH
O
0  BLfN M  
m
O
o
o
r n
o
O  ft 
m d  
CM
o
8 JJCM
OO ft
t n d
o
o  u  
o  .a
o
O  St 
tn,d
ffl
©  AtrH Cs)
© ps © <N hi © © 
© O  A) ^
*  (H ©  iH  
© d  P  «H
f e ' s . «sSt © fs,© 55 .d Pi 
&• .
p  ©S3 N © »He .«*p
«s s3
© »H 
At 05 
£* St 
O
«3 d  
© & 
w  «3
rH
0}
•H
At
0)
C0
CM
V©
rH
H
VO
CVJ
VO VOm
in 
vo <0
cvj
m  cO rO 
CVJ
CO 
CVj H  
iH
in ov
o
St
o
o
in
cO
O
ON
. nd d  ©
© rH *
M  «3 
O © “ 
S3 d  
© S3 _
ss '<8 a
ty »H 
c9 £e| 
<9 ,43 
-P Pt © rH
PQ «3
o  o
o
CM
o  o
©
h>orH
rH
£>
CVJ O
0 C—
CM CM
rd *d
S3 S3
«6 cS
- ON
O VOCVJ CM
• •
© ©
O O
'M fe
S3 S3
d d
O O
CO
•
vocO
00
CO
ON 00 CDr-~ »H in
fH «H
rH CO "d*c~ o\fn
rH
H  ON *- 
t— t—
«H
r—co o
tnv©  rH 
rH
0  00 CVJ O ^  I 
rH
P
S3©
a  cs Ifp  p
G3 © O©
ft *>0
E-t © d
0
P  P
cfi 1
© S pJxj p
f) #
rH tft H
05 £9
e  O - B
So
© 0 §tA  » Bp  in m
0 © rH
m p  s i ■*..
JH g3 Pt O
VO
ON
vo
vo
rO
O
CO
rH
vo
O
rH
O
CO
CVJCVJ
COrH
VO
V0
«H
co =^t
rH
rO  r -  osj-
H  . ■
cvj i n  ■H*
1:— CVJ 00
cvj o
o
u
o
p
h |oj
+
ID
vo i n  C-—c—• 
rH rH
»d 
S3 S3 
tS «5
ro ^00
6—t— t “  
rH iH rH
S3 S3 S3 03 05 «J 
O O O
P
S3
© -
a  ojp  p
03 ©
G> M
^t ffl
-d
p  P
■«* _© a
tr| 0
ft
H  <H
c9
a  0  ..
flO P
© 0 m
,d  i n  © c8
p  i n  to 0
O «3
83 P  rd mIH © SH <tj
ft
o
■*p<*»
P
Jo
i n  rO 'H' 
vo vo vo
rH rH rH
*d rd  rd
S3 S3 S3 s9 «3 «5
CM H  P~ 
VO VO vo
rH <—i |H
+ § 9 9O O O O
rH
-P
<3
CVJ
tn
fO CVJ
o  t-“rn  rH
CVJ r© 
rO CM
v o  CO rO rH
cO CM 
rH
P
©
ct3
O
©
«a5
CM O
r— c—
rH rH rH
«d d^  si a ♦ «s «s•fjj
«aj O n CO 
VO VO 
d" H  H
+ s  §«8 CS 
£3 0 0
in
vo
3“
&0 *  
£0 ©  S3 
©  -P  <v4m  ©  
d  o
£0 pH
H
M3 O
t—
pH
CM
*
»H
0 J
*st
rH
A O
rH
pH
eo
CM
S3
*H
©
14
-P
00 ♦ 
S3
rH «H
fi?
O  O  £H pH
&
o3
*4
©>
<3
H
O
o  u
i n  m  
rO
o
o
o
CO
o
O  J4 ini3
CM
o
O
O
CM
o
O  14 tn x l
o
o
o
o
a s
CM
CM
O
CM
VO
ON
VO
CO
CO
00
cO
C-*
C—
rH fO  
VO CM 4-
E"—VO
CO CM 
+
CSV ^co
rH rH
I
fO  CO ON 
CM rH rH
c— r~co 
i
& -
rO
t — t ' -
CM CO
O N  O  
cO  rO
CO rH 
■CO CM
pH rH
C~-
CO
C—■' 
t — cO
CM
O  
o n  c o  
CO
rH
CO. CM 
CO
^  O  
rH pH
CM
4-
CM
CM
4*
CM
CO
+
VO
rH
+
«Sjv
CM
4*
vo
CM
4*
'*cj*
rH
I
CO
t
l—I 
pH
C-*V© 
CM CM
f — v ©  
rH rH
's t  VO 
rH
m &  
& ©  
rH ^  
O  O  ^  hi PH 
O  O
o
•  rH 4 s
O  «3
s  ©
d  d  
©  f t  
43  
Eh /
rH
•H
C3
iH
+3 ©
d  «  
©  «H 
6  K> 
4*  _ rc3 S3 
©  *H 
©
# !
O  
•P
©© d £3 C3
rH
54
©
■P
C O  O  o CM CM CM CM O  O
-P
©
€6
O
m
4 s
83
CJ
O
©
«Sj
4 2 ■P
S3 d
© ©a s4» -p
© ©
© © «
U m S4 ©
-P ©
4 3
4 s
J
4 * f t -P f t
© ©
© a? © (6
43 *P R  -p
© 0
rH 42 pH &
© ©
E © a 0
fH 43 fH 43
JS
H*
• S
4 3 e  . 4 3 m© o €5 o
m S4 CQ H
H  «H H  ^ 4
VO 
rH 
*H CM
64 *
^  s» c3
«aj CM
Hj’f  CM
4- d  
eg
£ 3  o
<30 f O  CM 
I*—
•H  CM CM CM 
EH
*d »d  
d  d  d  * (S «5 <0
«aj H ’ W  O  
, C— CM ^ f  
rijw CM rO  CM
+  S3 S3 S3<0 ffi £0 £ 3 0 0 0
-f rOvO
CM CM 
•rH SH CM CM Eh O
"d * 0  
d  $3 • • €0 £0 
A D  „ p
<sj «aj CM in 
, , CM CM
HjDirijOJ CM CM
4*  r O  VO
CM CM 
• H  SH CM CM 
Eh O  __
* d  »d  
$3 q  
* » ©  eg
«3j «aj CM t n  
, , CM CM
r i WH OJ CM CM
4*
D
S3 d  
©  £0 
o  o
4*
D
eg eg 
C O
4>
»
£0
o
-=3
»d  *d © 
©  rH
43  ©  O ©
d  i
©  s
d  ©  
a 4 }
©  M•p ft 
©  rH
w  « r
rO
ON
g  CM
*d
g  
*  £0 
4 *
« d  i n
. 04 h|Q3 rO
4 - |  
p  o
ro
<30
rH
<d
d
©
rH CMco eoI—1 pH
S3 $3 
©  ©  
o  o
Both the  h e a t t r e a te d  uranium + \  a t *fo chromium and the uranium 4*
-g a t  mf> chromium have a s u b s ta n t ia l ly  poorer creep  s tre n g th  th an  th e  
unalloyed  uranium# The g ra in  s iz e  of th e  form er p a i r  i s  th e  f in e r  and 
th i s  w il l  c o n tr ib u te  to  t h e i r  poorer creep p ro p e rtie s*  A ddition ©f 
■§■ at*/o titan iu m  to  the uranium + -J- a t • $ chromium r e s u l t s  in  a s l ig h t  
improvement over th a t  f o r  th e  s tan d ard  uranium# Both th e  a s -c a s t  
uranium-aluisinium a llo y s  a re  su p e rio r to  unalloyed  uranium w ith  th e  
0 -4  at*$  A1 a l lo y  even b e t te r  th an  the  0 + 2 a t *fo A1 alloy*  Again 
although both uran ium -titan ium  a l lo y s  show an improvement over unalloyed  
uranium , th e  0  + i  a t#$  T i a llo y  i s  .somewhat b e t t e r  than  th e  0  + -g- at.$> 
T i alloy* The 0 + -g- a t *$ Mb and U + •§■ a t# $  Sn a l lo y s  have s u p e rio r  
creep  p ro p e r tie s  compared w ith  •unalloyed uranium , although th e  number 
o f  r e s u l t s  i s  r a th e r  l im ite d .
5* COFCLUSIO&TS \
1 • ho s ig n if ic a n t  d iffe re n c e  in  O’eep s tre n g th  was found f o r  unalloyed
uranium a f t e r  d i f f e r in g  h ea t trea tm en ts  to  r e f in e  th e  g ra in  s ize*  These 
were gamma-quenching o r beta-quenching  both  fo llow ed by sh o rt and lo n g  
terra alpha anneals#
2* The beta-quenched g ra in  r e f in e d  0  + |f  a t  *$ Mo gave no s ig n if ic a n t  
improvement i n  creep  s tre n g th  compared w ith  una llo y ed  and h ea t t r e a te d  
uranium* The U + -§- a t#$  Mo a l lo y  gave an improvement by a f a c to r  o f  
approxim ately 3*
3# The Mo/Cr s e r ie s  o f g ra in - re f in e d  a l lo y s  iso th e rm ally  transform ed 
a re  a l l  improvements on unalloyed  uranium even though the g ra in  s iz e  i s  
r a th e r  f in e r*  The tendency i s  f o r  th e  s e r ie s  to  l i e  between th e  v a lu es
f o r  th e  •©■ a t*$  Mo and th e  ■§• at*$> Mo beta-quenched a lloys#
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4* The 0  + -J- a t* #  V and 0 + 1  a t ^  V a llo y s  in  th e  hea t t r e a te d  
co n d itio n  a re  bo th  an improvement on unalloyed uranium by a f a c to r  o f 
approxim ately 2j-*
5# In  c o n tr a s t ,  th e  heat t r e a te d  and g ra in  r e f in e d  0-2  a t *# Zr a l lo y  
produced a low ering  o f th e  creep s tre n g th  compared w ith  unalloyed  
uranium by a  f a c to r  o f approxim ately
6* Again bo th  th e  0  + i  a t .#  Cr and th e  0  + a t .#  Cr a l lo y s  a f t e r  
iso therm al tran sfo rm atio n  a t  5 5 0 °G from the b e ta  phase, have a  markedly 
poorer creep  s tre n g th  than  unalloyed  uranium* A ddition  c f  -g- a t* #  Ti 
to  th e  0  + -p; a t •/£ Cr a l lo y  e f f e c ts  an  improvement such th a t  th e  a l lo y  
i s  now s l ig h t ly  su p erio r to  uranium* ‘ A ll those  a l lo y s  co n ta in in g  Cr 
have a  very  f in e  g ra in  s iz e .
7* The a s -c a s t  0 + 2 a t .#  AI, 0  + 4 a t .#  A l, 0  + i  a t .#  T i ,  0  +  j  a t*#  T i ,  
0  + -J-at*# Fd, 0  + -|- a t*#  Sn a llo y s  appear to  have su p e rio r  creep  
p ro p e r tie s  to  s tan d ard  h ea t t r e a te d  uranium based on mean sagging ra te *
-  68
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1* XBTHOPUCTIOH
Th© f e a s i b i l i t y  o f u s in g  a  uranium fu e l  made by mechanical working 
i s  dominated by th e  co n s id e ra tio n  th a t  the  presence ©f p re fe rre d  
o r ie n ta tio n  causes u n d esirab le  dim ensional changes t© occur i n  th e  f e e l  
d u rin g  ir r a d ia t io n *  I f  th ese  changes a re  to  be p rev en ted , the  n a tu re  
o f  th e  p re fe r re d  o r ie n ta tio n  must be e i th e r  c a re fu l ly  c o n tro lle d  during  
m echanical working o r  b e t t e r  s t i l l ,  i t  should be removed by subsequent 
h e a t treatm ent* I t  i s  th e  aim o f  t h i s  s e c tio n  to  in v e s tig a te  th e  
development o f p re fe r re d  o r ie n ta t io n  during  r o l l in g  and e x tru s io n  and to  
r e l a t e  th e  f in d in g s  to  th e  behaviour o f th e  m a te r ia l in  a  re a c to r*
The r o l l i n g  o f uranium in  the  alpha r a n g e 'r e s u l ts  in  p re fe r re d
o r ie n ta t io n ,  th e  ex ten t o f which i s  dependent on th e  working tem perature
and th e  degree o f re d u c tio n  imposed* In c reas in g  red u c tio n  tends t®
in c rea se  th e  p e r fe c tio n  of th e  tex tu re *  Below about 300°Cf r o l l in g
produces p re fe r re d  o r ie n ta tio n  ten d in g  towards a  s in g le  (010} tex tu re*
Above 300°C, an a d d it io n a l (110) te x tu re  i s  in troduced  and a t  h igh
red u c tio n s  a  double (010) (110) te x tu re  i s  © b t a i n e d ^ ^ ^ ^ ^ *
{ 31)Turkel©% ir r a d ia te d  a  s in g le  c ry s ta l  o f uranium and found th a t  
i t  lengthened in  th e  /~010 /  d ir e c t io n ,  shortened  in  the  /~100J  d ire c tio n  
and rem ained unchanged in  th e  ^~00lJ7 d ire c tio n *  S im ilar experience w ith  
p o ly c ry s ta l l in e  rods has shown th a t  a  rod w ith  a  s in g le  (010) te x tu re  
e lo n g a tes  r a p id ly  on i r r a d ia t io n ^ * ^ *  Hods r o l le d  a t  about 630°C to  
produce a  double (CIO) (110) te x tu re  have rem ained r e la t iv e ly  s ta b le  o r  
even c o n tra c ted  in  l e n g th ^ ^ *  This i s  because th e ( t  10) component l i e s
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n e a re r  the  / ” 100_7 and w i l l  th e re fo re  give r i s e  to  con traction*  For
s ta b le  ro d s , th e  (110) component must balance th e  (010) component w h ils t
in  rods which c o n tra c t ,  the ( l1 0 ) predom inates over the  (010) component*
Hods which have been beta-quenched a f t e r  r o l l in g  are  r e l a t iv e ly
(VOs ta b le  during  i r r a d ia t io n ' '  and th i s  im plies th a t  th e  heat trea tm en t 
has removed o r  a t  le a s t  g re a tly  dim inished th e  texture*- There has been 
no c ry s ta lio g ra p h ic  evidence pub lished  to  support t h i s  view , so a sp e c ia l 
study  has now been made o f t h i s  po in t*
The im portant co n sid e ra tio n s  are  th ere fo re?
1) to  avoid producing a pronounced (010) te x tu re  and i f  p o ss ib le  
to  achieve a u se fu l com bination o f (010) (110) tex tu res*
2) to  be a b so lu te ly  c e r ta in  th a t  hea t trea tm en t can e lim in ate  th e  
p rev ious te x tu re s  induced by m echanical working*
These c o n s id e ra tio n s  have been ap p lied  to  th e  p re sen t study of ex truded  
uranium and r o l le d  uranium a l lo y s ,  s in ce  n e i th e r  of th ese  have been s tu d ied  
adequately  elsew here* Since the  re le v a n t te x tu re s  in  ro l le d  uranium are  
tem perature dependent, a s tudy  has a lso  been made o f uranium r o l le d  under 
very  c lo se ly  c o n tro lle d  tem perature c o n d itio n s .
EXPERIMENTAL METHODS
There a re  two main d i f f i c u l t i e s  a s so c ia ted  w ith  the use o f X-rays 
f o r  determ ining p re fe r re d  o r ie n ta tio n  in  uraniums 
f )  uranium absorbs the  X-rays h e a v ily , hence th e  transm ission  
technique i s  ru le d  ou t except f o r  very  th in  fo ils *
2} th e  r e f le c t io n s  of importance are  e i th e r  very  weak (th e  (020) r e f le c t io n )  
o r  they  occur as  b a re ly  re so lv e d  t r i p l e t s  ( th e  ( t1 0 ) ,  (0 2 1 ), (002) 
r e f le c t io n s )*
TABLE VIII
REFLECTIONS OF IMPORTANCE FOR TEXTURE STURIES
hkl In te rp la n a r  Spacings in  A u n its
Bragg Angle 
0 Remarks
020 2*948 15*15°
110
021
002
- : 2 .5 6 3  1 . 
2*521 
2*473
17*5O0 ) 
17*80° ) 
18*1 5 6 )
Barely re so lv ed  
t r i p l e t
111 2.274 18*80°
The g s ig e r  coun ter method used in  th i s  work was developed by H arris  
In ten silfe s  o f  a l l  (h k l)  r e f le c t io n s  w ith in  th e  range of the spectrom eter 
(29 *  0 to  $0°) a re  measured from the  p o lished  f l a t  su rface  o f th e  
specimen# These in t e n s i t i e s  a re  compared w ith  th e  measured in te n s i t i e s  
from a  randomly o r ie n te d  sample* A q u a n tity  , p t i s  then  ob tained  g iv ing  
a measure of th e  abundance o f th e  (h k l) p lanes p a r a l le l  to  a  p a r t ic u la r  
su rfa ce  o f th e  sample r e la t iv e  to  a random o rie n ta tio n *
I f  i s  th e  measured in te n s i ty  of th e  (h k l)  r e f le c t io n  from an
(28)
o r ie n te d  sample and 
A, t» Hhkl
random sample
then  th e  p (» * , p )  value i s  given byj
H same (hk l)
A
hkl
hkl
(1 )
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where C and a re  co n s tan ts  depending on th e  c r y s ta l  im p erfec tio n s , 
su rface  p re p a ra tio n  ( e .g .  th ick n ess  of oxide l a y e r ) t 
th e  ab so rp tio n  c o e f f ic ie n t  in  the specimen3 e f fe c t iv e  
l in e  b read th  and in strum en ta l f a c to r s .  
oc and a re  th e  c ry s ta llo g ra p h ic  ang les d e fin in g  c ry s ta l  
o r ie n ta t io n .
To e lim in a te  the  f a c to r  can .be assumed th a t  th e  mean value
o f  fp f f o r  a l l  o r ie n ta tio n s  i s  1.
C /H arris  then  s ta te d  th a t  /C^ i s  equal to  the ra ti© i Xhk l  
- ( Abkl
so th a t  ’p i
* '  T &2 I M ,  hkl r h lc l^  h k l  n ,  —- - - - -   .  y ---- -
< A.. . < hk l Rbkl\  hfcl
( 2)
M ueller e t  a l ^ * ^  have shown th i s  in te rp r e ta t io n  to  be erroneous 
and they  have s u b s t i tu te d  a  d i f f e r e n t  equation  obtained , along th ese  lin e s s  
from equation  ( l )
substituting in  equation ( l )  for  C/c^ givess
-  -  -  -  -  (3)
H arrise s  ex p ression  i s  thus in c o rre c t*  s ince  i t  assumes th a t
A <( I *fci *
n \  Ahkl |  Ahkl
which is*  in  g e n e ra l, wrong*
Hence p ~ 1 corresponds to  a random o r ie n ta tio n
p < 1  in d ic a te s  a d e fic ien cy  of p lanes p a r a l le l  to  th e  su rface  
examined ■
p > 1  in d ic a te s  an excess n /■ n w n n rt
examined '
The measured tp f values a re  then  marked on a s tandard  s te re o  graphic 
p ro je c tio n  o f uranium thus p rov id in g  a q u a n ti ta t iv e  measure of th e  r e la t iv e  
abundance o r  s c a r c i ty  o f  v a rio u s  p lan es p erp en d icu lar to  th e  d ire c t io n  
concerned* This form of re p re se n ta tio n  i s  termed an INVERSE HOLE FIGURE* 
S everal in v e s t ig a to rs  of th e  p re fe r re d  o r ie h ta tio n  in  uranium have used 
th i s  method o f p r e s e n t a t i o n ^ ^ ^ ) r a th e r  than  th e  conventional pole 
f ig u re*  Three such p ro je c tio n s  can he made fo r  r o l le d  p la te  corresponding 
to  the r o l l in g ,  normal and tra n sv e rse  d ire c tio n s*  F igure 65 i s  a ’key1 
s te reo g rap h ic  p ro je c tio n  of uranium*
The method i s  ra p id  and reasonably  a c c u ra te , except when th e  degree 
of p re fe rre d  o r ie n ta tio n  i s  very h ig h , and consequently  th e  number o f 
s tro n g  r e f le c t io n s  i s  r e la t iv e ly  small* The e r ro r  in  th e  in d iv id u a l *p* 
value i s  o f  th e  o rder o f  A 10^*
EXPERBMTAL -TECHNIQUE
: . The F o rth  American P h i l ip s  fHorelco * X -ray spectrom eter was used 
f o r  t h i s  work* The in p u t v o ltag e  and th e  tube cu rren t were s ta b i l is e d *  1 
The se c tio n  i s  p o lish ed  and mounted a t  the  cen tre  of the sp ec tro m eter, 
such th a t  th e  X -ray beam covered an area  o f approxim ately 1 ,2  ca square*
The specimens were mounted in  a f a s t  scanning mechanism s p e c ia lly  designed
( 'Xtz\
f o r  use w ith  the  spectrom eter * *  The d if f r a c te d  X—rays f a l l  on a 
g e ig e r  coun ter which, through s u ita b le  e le c tro n ic  c i r c u i t s ,  su p p lie s  a 
v o ltag e  p ro p o rtio n a l to  the  X-ray in te n s i ty ,  to  a Honeywell-Brown 
ME lec trG hik ,t p o ten tio m etric  s t r i p  recorder*  A reco rd e r ch a rt of in te n s i ty  
v ersu s  2©, u s in g  copper r a d ia t io n ,  was then  ob tained  fo r  each sample*
The geom etrica l arrangement o f th e  spectrom eter i s  i l l u s t r a t e d  in  
f ig u re  66m A beam of X-rays from the focus of a tube a t  F passes through 
a s l i t  1 mm* wide and 5 mm* high  a t  a d is tan ce  ©f 8 cm from P and
impinges on th e  specimen 13 cm from P a t  p o s it io n  0* The specimen face
b e in g  a t  an angle © to  th e  beam, d if f r a c te d  ray s  are  brought to  a focus 
in  f  ro n t o f  th e  g e ig e r  counter G along a l in e  a t  an angle 12©f to  the  
in c id e n t beam* The re c e iv in g  s l i t  o f th e  counter i s  a t  a d is tan ce  o f 13 cm
from th e  specimen* A photograph o f the  equipment i s  shown In  Fig*6 7*
2*o measure th e  r e la t iv e  in te n s i f i e s  o f l in e s  9 the specimen and 
g e ig er counter a re  ro ta te d  slow ly about a v e r t ic a l  a x is  in  th e  plane 
o f  th e  specimen f a c e ,  so th a t  t h i s  angular re la t io n s h ip  i s  m ain tained , 
w hile th e  angle © i s  v a r ie d  ( i . e .  th e  counter r o ta te s  a t  tw ice th e  
angu lar v e lo c ity  o f the specim en). As '♦©*■ passes through th e  Bragg 
angle  f o r  each s e t  of l a t t i c e  p la n e s , a peak in  th e  X-ray in te n s i ty ,  i s  
reco rd ed . The in te n s i ty  of each r e f l e c t io n  i s  measured, in  a r b i t r a r y  
u n i t s ,  u s in g  a p lan im ete r, as the a rea  under th e  peak. Since a c ry s ta l  
can only c o n tr ib u te  to  any given r e f le c t io n ,  i f  i t  has th e  corresponding 
l a t t i c e  p lanes o r ie n ta te d  p a r a l le l  to  the  p lane o f s e c tio n , the  in te n s i ty  
of each l in e  i s  p ro p o rtio n a l to  th e  volume of m a te ria l w ith  th is  
o r ie n ta tio n *  The a reas  of the  peaks are  then  compared w ith th e  a reas  of _ 
corresponding peaks from a  random sample*
fo r  r o l le d  p la te ,  th re e  se c tio n s  were examined corresponding to  
1* tra n sv e rse  to  r o l l in g  s e c tio n  -  inverse  pole f ig u re  f o r  r o l l in g  
d ire c tio n *
2* lo n g itu d in a l to  r o l l in g  s e c tio n  — inverse  pole f ig u re  fo r  
tra n sv e rse  d ire c tio n *
3* r o l l in g  p lane -  inverse  pole f ig u re  fo r  normal d irec tio n *
For r o l l e d  ro d , two se c tio n s  were examined, v is  
I* tra n sv e rse  to  ro llin g  s e c tio n  -  inverse  po le  f ig u re  f o r  r o l l in g  
d ire c t io n .
2 .  lo n g itu d in a l to  r o l l in g  s e c tio n  -  inverse  pole f ig u re  f o r  
r a d ia l  d ire c tio n *
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A f in e  g ra in ed  sample w as'used f o r  th e  measurement o f A^V1»
H a rr is ^ * ^  used a  se c tio n  o f c a s t  uranium rod  f o r  h is  random sam ple, hut
in  th e  p re sen t experim ents, i t  was found th a t  c a s t  m a te ria l was not th e
b e s t  choice because of i t s  la rg e  g ra in  s iz e .  Eefinement by a f a c to r  o f
te n  can he ob ta ined  by annealing  in  th e  b e ta  phase ( a t  730°C), fo llow ed
by quenching in to  w ater (2 *5 n  c a s t  g ra in  s iz e  reduces to  about 0 ,2 5  ®m)*
T his heat t r e a te d  sam ple' p roved . to  be more s a t is f a c to ry .  Two runs were
made on a  tra n sv e rse  and a lo n g itu d in a l s e c tio n  and th e  r e s u l t s  of
in te n s i ty  measurements were found to  be in  good'agreement# Therefore
th e  mean values o f th e  in te n s i t i e s  were taken  a s  the  random v a lu e s .
The accuracy of t h i s  method in c re a se s  w ith  refinem ent in  g ra in  s iz e .
The values o f A k l  from v ario u s  e ry s ta llo g ra p h ie  p lanes in  un o rien ted  
( Ahk l :
uranium a re  g iven  in  TABLE XX, along w ith  those  v a lu es  obtained  by o th e r 
in v e s t ig a to r s .
I t  should be mentioned th a t  i t  i s  ap p aren tly  very d i f f i c u l t  to  
o b ta in  a com pletely  random sample of uranium sine© even in  co o lin g  from 
th e  b e ta  phase to  the  alpha phase , a sm all amount of p re fe rre d  o r ie n ta tio n  
( le s s  than  5 p e rcen t) can r e s u l t ,  e s p e c ia lly  in  the presence of a marked 
therm al g rad ien t*  But th i s  re s id u a l o r ie n ta tio n  i s  sm all r e la t iv e  to  
th e  amounts p re sen t a f t e r  mechanical working, w ith  which i t  i s  going to  
be compared.
-  7 6 -
TABLE IX
VALUES OF fhfcl FOE A EA1DOM SAMPLE 
i kbk l
Line
(h k l) H a rris^28^Adam * 0 5 )Stephenson T„ (36) S la t te ry%iacGDand Warren L ongitud inal
S ection
Transverse 
S ection  ■
Mean
Value
020 0.99 1 .0 1 .1 1.30 0 .9 0 1.10
110 13.6 17.0 15 10.44 13.58 12.01
021 12.9 16.1 21 2 1 .2 5 21 .85 21 .55
002 9.5 12.0 10 14.20 8*95. 11.58
111 10.8 11*5 12 9.65 11.80 1 0 .7 3
022 0 .9 2 0.51 O.9 8 0 .9 0 0.94
112 1 1 .6 8 .5 8 .5 8 .8 2 7.53 8 .1 7
130 0.71 0.77 O.65 O.5 4 0.59
131 8 .8 8 .2 7.3 6 .0 5 6 .0 8 6.07
040 1*6 , 1*4 ! .3 1 .1 4 0 .9 0 1 .0 2
023 2 .9 3 .4 3 .2 3 .6 0 4.33 4 .2 1
200 1 . 6? 2.5 1 .6 O.9 8 1.07 1.03
041 1 .6 1 0 .6 8 0.98 0 . 9G 0.94
113 2 .4 6 , 2 .6 2 .3 2 .6 1 1 .6 1 2 .1 1
132 1 O.9 0 O.7 7 1.63 0 .9 0 1.26
042 1.38 1 .8 1 .7 2.12 2 .5 0 2.32
22lV
004)
202>
10.7 8 .3 1.6 5.72 7.70 6 .7 1
133 3*7 3.6 2.9 3.11 4.47 3.79
024 0.81 0.72 0.77
114 3.26 2.1 1 .8 3 2.61 1.79 2.20
043 1 .3 0 0.54 0 .9 2
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4* THE ROLLING OF U M IIM  ALLOTS
Small a d d itio n s  o f chromium, molybdenum, and aluminium were made 
s e p a ra te ly  to  uranium , so th a t  th e  e f f e c t  of a llo y in g  on th e  te x tu re s  
o f  uranium could he studied* Both hot and cold  r o l l in g  of unalloyed 
uranium produces an (010) component, which however i s  most marked a t  the 
low er tem p era tu res . This would give r i s e  to  i r r a d ia t io n  growth and i t  
would he in te r e s t in g  to  determ ine whether a llo y in g  can a f f e c t  the 
r e la t iv e  p ro p o rtio n  of th i s  harm ful component produced by r o l l in g .
4*1*; Experim ental d e ta i l s
Cast b a rs  o f (a )  uranium + -J- a t .fo chromium, (h) uranium + -J -a t .fo 
molybdenum, (c )  uranium + J  a t  .fa molybdenum, uranium + 0 .9  a t .$  
aluminium, were f i r s t  annealed a t  730 C fo r  1-J- h p r io r  to  r o l l in g .
They were th en  p reheated  in  a s a l t  b a th , a t  640°C and ro l le d  in to  
f l a t s ,  w ith  a t o t a l  red u c tio n  o f 80 to  90 p e rc e n t. The r o l l in g  tem perature 
was m aintained above 600° C by re h e a ts  between each p a ss .
4*2. B esu its  "
Uranium + %- wt.fj chromium* '' F igure  68 
The a s - r o l le d  s tru c tu re  was p a r t i a l ly  r e c iy s ta l l i s e d .  An in crease  • 
in  V.H.lt. « 13 was obtained  on r o l l in g .  In  the  r o l l in g  d ire c tio n  E .B ., 
a  h igh  degree o f (010) te x tu re  was found w ith  -  6*3* This te x tu re  
sp read  towards th e  (130 ) where 'p* -  2 .2 . ,  and th e re  was a sm aller spread 
towards (041) where 1p* -  1.7* I t  was however e s s e n t ia l ly  a s in g le  (010) 
te x tu re .
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In  th e  normal d ire c t io n  1*D* ,  th e  te x tu re  c e n tre d  around th e  (114) 
where *pf * 6*9 ? w ith  some sp read  to  th e  neighbouring ( 113) fp f * 3 . 7 , 
bu t l e s s  sp read  towards th e  (001 ) •p1 »  1 *8 * This te x tu re  i s  h ig h ly  
developed, b u t i t  i s  no t c e n tre d  on th e  ( 00 t )  but r a th e r  th e  ( t 14)*
In  th e  tra n sv e rse  d ire c t io n  T«2)*y th e  p re fe r re d  o r ie n ta tio n  was 
much l e s s ,  and appeared to  be d is t r ib u te d  f a i r l y  uniform ly between th®
(001) and (tOO) poles*
Uranium + jr -at*# -molybdenum* F igure  69 '
The a s - r o l le d  s tru c tu re  was f u l l y  r e c r y s ta l l i s e d  w ith  th© 
r© c ry s ta ll is e d  g ra in s  s l ig h t ly  e longated  and twinned* The average g ra in  
s iz e  was 0*025 mt d iam eter and th e  hardness in c reased  by V*H*!* » 37 on 
ro ll in g *  The p re fe r re d  o r ie n ta tio n  was s im ila r  to  th e  U + |r  a t* $  Or 
a llo y *
In  th e  E*D*f a  predom inantly  s in g le  (OtO) te x tu re  was developed 
p (o to )  *  6*1 * b u t th e re  was a  s l ig h t ly  g re a te r  sp rea d , p a r t ic u la r ly  t@ 
th e  (130) a s  compared w ith  th e  U + J  at*jS Cr a llo y *
In  th e  1 *2)*, p re fe r re d  o r ie n ta tio n  was again  cen tred  around th e  (114) 
where ** 4 «1 9 b u t i t  was no t as  w e ll developed as  f o r  th® 0  + |  a t*$
Cr.
In  th e  T .P * , th e  p re fe r re d  o r ie n ta tio n  was ag a in  much le s s  th an  in  
th e  o th e r  two d i r e c t io n s ,  bu t t h i s  tim e i t  favoured th e  (tOO) o r ie n ta tio n  
r a th e r  than  th© (001) *
. Uranium + i  a t  S  molybdenum*. F igure  70 
The as  r o l le d  s tru c tu re  was p a r t i a l ly  re c r y s ta l l i s e d  compared w ith  
th® -J- a t  *5© molybdenum, which was f u l ly  r e  c ry s ta ll is e d *
In  th© R*2>., th e re  was e s s e n t ia l ly  a  s in g le  (010) te x tu re  w ith  a 
g r e a te r  degree o f  p e r fe c t io n , i . e .  le s s  sp read  th an  fo r  th e  U + i  at.fo Ms 
a l lo y .  The P ^ q J  * 6 .4  I s  very  c lo se  to  bo th  th© U + -§• a t*$  Mo and the 
U + -J- a t .$  Cr v a lu e s .
In  th e  2J.D., the  p re fe r re d  o r ie n ta tio n  cen tred  around th e  (114 )» (113) and 
(023) a s  was th e  case w ith  th e  II + Jr a t . $ Cr* A c o n tr ib u tio n  i s  a lso
p re se n t from th e  (100) where p * 2 *1 9 *
I n  th e  T .P . ,  th e  h igh  *pf va lues occur a t  (001) ,  (1 1 4 ), (1 1 3 ), (112),
and ( 133)9 h u t th e  h ig h est fp* value ob tained  was only  2.7* There was
no c o n tr ib u tio n  from th e  (1 0 0 ), which i s  presumably o rie n te d  e n t i r e ly  
in  th e  l . P .  -
Uranium + 0 .9  a t . f  aluminium* F igure 71 
A p a r t i a l l y  r e c r y s ta l l i s e d  s tru c tu re  was ob ta ined  in  th e  a s  ro l le d  
c o n d it io n . ,
I n  the R .B ., th e re  was a w ell developed s in g le  (010) te x tu re  w ith
p (0 1 0 ) *  7 *1*
PREFERRED ORIESTATION II? E3ETR0DED PEAHIDH
(37)l e t t e r  and Mchar guev '  have rep o rted  te x tu re s  found in  ex truded  
uranium ro d . B i l l e t s  o f  uranium were extruded a t  5^0 C to  g ive rods 
w ith  re d u c tio n s  i n  a re a  o f  77$ and 91*7$* Some o f th e  l a t t e r  ex tru s io n  
was subsequently  annealed a t  550°C f o r  1 h , to  in v e s tig a te  the  n a tu re  
o f  th e  r e c r y s ta l l i s a t io n  te x tu re .  The as-ex tru d ed  te x tu re  was found to  
be duplex* th e  l ig h te r  deform ation te x tu re  has i t s  f i r s t  component 
n e a r  <-031> , th a t  i s  between th e  (041)  and (HO ) po les  w h ils t th e  second 
component was te n  degrees from (i10).;-^The h e av ie r  deform ation gave a
s h i f t  o f te x tu re  towards (010) and (11G). The annealing  te x tu re  was 
ag a in  g iven as  duplex , one component being  c lo se  to  ^431> i . e .  near 
th e  ( l3 l )  p o le  w h ils t  th e  second component was 13 degrees from (100) 
and I?  degrees from (110), Wo inform ation  was given o f  p o ss ib le  v a r ia t io n  
©f te x tu re  a long an e x tru s io n  length*
The p re se n t in v e s tig a tio n  has been c a r r ie d  ou t on both  rods and 
tu b e s , b u t w ith  a  constan t red u c tio n  in  a rea  o f  $0 /0 + so th a t  th e  r e s u l t s  
should be comparable w ith  the  American r e s u l t s  a f t e r  % red u c tio n  in  
a re a , , The b i l l e t s  were however ex truded  w ith in  th e  range 550 0 to  620®C, 
so th a t  some e f f e c ts  due to  tem perature v a r ia t io n  were found#
The p re se n t r e s u l t s  have shown th a t  considerab le  v a r ia t io n  in  te x tu re  
occurred  along  th e  e x tru s io n  le n g th , due to  v a r ia t io n s  in  tem perature and 
deform ation along th e  b a r  on ex trusion#  Thus a s in g le  inverse  po le  
f ig u re  was n o t found to  be adequate to  re p re se n t th e  whole ex tru s io n  
leng th*  Some c o r re la t io n  o f  te x tu re  could however be made w ith  g ra in  
s tru c tu re  a long th e  bar* The f ro n t  o f  the  e x tru s io n  had a cold worked 
s tru c tu re  due to  c h i l l in g  of th e  e x tru sio n  f ro n t  on meeting th e  d ie .  The 
te x tu re  o f  th e  f r o n t  end o f  th e  ex tru s io n  was found to  be d u p le t  ( d o )
(110) c lo se ly  resem bling  th e  American r e s u l t  and th i s  te x tu re  can be 
considered  as  ty p ic a l  o f a cold  extruded b a r ,  f ig u re  72.
The m iddle and r e a r  p o rtio n s  of the  ro d ,  which a re  h o t te r ,  had e i th e r  
a p a r t i a l l y  o r  com pletely r e c r y s ta l l i s e d  s tru c tu re  and th i s  v a r ia t io n  in  
s tru c tu re  gave a corresponding v a r ia t io n  in  te x tu r e ,  dependent upon the  
amount o f r e c r y s ta l l i s a t io n  which had occurred in  th e  sample being examined.
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A ty p ic a l  te x tu re  re p re se n ta tiv e  o f a  re  c ry s ta l  U se d  s tru c tu re  i s  shown 
in  f ig u re  73 and i t  has a  s in g le  component between (131) and (130)*  ^ « .
The extreme t r a i l i n g  end was sometimes found to  con ta in  some duplex 
(OtO) (110) te x tu re  bu t in  th e se  c a s e s , the micro s tru c tu re  always 
rev ea led  evidence ©f co ld  working in  t h i s  re g io n .
At th e  h ig h e s t ex tru s io n  tem perature o f  620®Qf an e n t i r e ly  new 
component due to  (100) was developed, p a r t ic u la r ly  i n  the  middle o f  th e  
e x tru s io n  le n g th , f ig u re  74* This component was found to  be a 
c h a r a c te r is t ic  f e a tu re  ©f deform ation in  the  very  h igh  alpha-uranium  
tem perature ran g e . The m ic ro s tru c tu re  showed polygonal g ra in s  which are  
c h a r a c te r is t ic  o f  r e c r y s ta l l i s a t io n  and g ra in  growth in  the  high alpha 
range* This component i s  o f  g re a t  in t e r e s t ,  s in ce  i t  was no t rep o rted  
by the American w orkers, bu t t h i s  may have been due to  t h e i r  somewhat 
low er e x tru s io n  tem pera tu res .
The co ld  e x tru s io n  duplex ( O t O )  (110) te x tu re  and the  r © c ry s ta llis a tio n  
te x tu re  (130) and (1 3 1 ), can bo th  be removed e f f e c t iv e ly  by b e ta -an n ea lin g  
follow ed by w ater-quenching , sine® th i s  trea tm en t g ives a s u b s ta n t ia l ly  
random sample* A cu rio u s  fe a tu re  o f th e  h igh  tem perature s in g le  (100) 
te x tu re  i s  th a t  i t  can be reduced , bu t n o t e lim in a ted  by b e ta  h ea t 
trea tm en t and a second re p e a t ©f th e  hea t trea tm en t can a c tu a l ly  in crease  
th e  component tow ards i t s  ex truded  value* For example in  one c a se , as 
ex truded  ® 4 .4 5 , a f t e r  f i r s t  hea t trea tm en t P(-jqq) •  1*32, whereas
a f t e r  second h ea t .treatm ent P ^ qqJ ® 2*88, f ig u re  75*
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6f UTO1UM ROLLED OVER COmOLLED M Pm T O R E EMGBS
Data ob ta in ed  on p re fe rre d  o r ie n ta tio n  in  uranium w ill  vary  w ith
th e  tem perature of deform ation , s in ce  i t  i s  known th a t  s l ip  predom inates
©as  a deform ation mechanism ahove 450 C* whereas tw inning predom inates a t
(38}(39)th e  low er tem p era tu res ' * Uranium to  he used a s  a  f u e l ,  has to  he
- worked f a i r l y  h igh  in  the  a lpha range in  o rd er th a t  a s a t i s f a c to ry  reduction
in  area  from th e  o r ig in a l  h i l l e t  may he achieved* I n te re s t  th e re fo re  
c e n tre s  around t h i s  tem perature ra n g e , and the  purpose o f th i s  work i s  
to  o b ta in  a. c o r r e la t io n 'o f  te x tu re  w ith  tem p era tu re , which has heen 
c a r e fu l ly  c o n tro lle d  during th e  r o l l in g  p ro cess . In  p revious work, uranium 
has e i th e r  heen r o l le d  hot a t  a nominal tem perature say of 600°C, o r cold 
a t  say 300°C ^0 ^ 34^ , hut th e re  has never heen any system atic study o f . 
tem perature w ith in  th e  s o -c a lle d  ’h o t1 range o f tem peratures*
For t h i s  experim ent, th re e  inch  round uranium h i l l e t  was r o l le d  in  
an oval-round sequence to  an o v e ra ll  red u c tio n  In  area  of B^ fo w ith  a 
re d u c tio n  o f  ijfo a t  every pass* fhe uranium was preheated between passes 
to  m ain tain  th e  tem perature* lo l l i n g  was c a r r ie d  out over the  fo llow ing  
tem perature rangess
( 1) 6 6 0 °  t o  6 2 0 ® C
( 2 ) 6 2 0 ° C  t o  5 9 0 ® C
( 3 ) 5 8 0 ° C  t o  550°0
( 4 ) 5 4 0 ° C  t o  5 1 O ° 0
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'Transverse to  r o l l in g  s e c tio n s  were examined because th ese  gave 
in fo rm ation  reg a rd in g  the  lin e -u p  o f po les  along the lo n g itu d in a l a x is  
o f  the  ro d  ( i t  i s  in  t h i s  d ire c t io n  th a t  i r r a d ia t io n  growth would occur 
in  a r e a c to r ,  i f  th e  fu e l  had p re fe r re d  o r ie n ta t io n ) ,  The *pf va lues 
f o r  the  im portan t (h k l)  r e f le c t io n s  averaged over sev era l specimens are  
g iven  in  th e  fo llo w in g  ta b le ,  and th e  complete s e t  of fp f va lu es  a re  ■ 
given in  th e  s te reo g rap h ic  p ro je c t io n s ,  f ig u re s  76 to  79*
M B  X
Temperature 
o f E o llin g \ /*
~s. O
:
O '•W
* *>(110) f ( 100) ^(130) f (  001 )
660° ta  620°C 1 .8 7 I .6 5 2.44 1.45 0 ,1 4
620° to  530°C 2 ,4 2 1 .4 8 2 ,2 1 1.74 0 .2 2
5S0® to  550°e 2*95 I t  48 I .4 8 2,35 0 ,2 4
540° to  510°C 3.39 ■1.51 1.54 2 .4 6 0,08
.. The r e s u l t s  can be summarised as  fo llow s* 8 
d )  The (010) component decreases in  in te n s i ty  w ith  in c reasin g  tem peratu re .
(2) The (110) component rem ains f a i r l y  constan t over the range 510 to  620°Q
but in c re a se s  s l ig h t ly  in  th e  range £20° to  660°C, ,
(3 ) The (100) component in c reases  w ith  in c re a s in g  tem perature.
(4 ) The (130) component fo llow s th e  (010) tre n d  but to  a  l e s s e r  e x te n t .
, (5 ) The (001) value i s  v i r tu a l ly  suppressed over the  e n t ire  tem perature
... range.': v, : : - ,
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From th ese  r e s u l t s  i t  would not be c o rre c t to  d escrib e  t h e h o t  . r o l l in g  
te x tu re  as an id e a l is e d  te x tu re  (OtO) (110) even though th i s  has been 
accep ted  p r e v i o u s l y ^ (3 0 )(3 5 )  ^ xh i s  r e a l ly  in c o r re c t  to  a s c r ib e  an 
id e a lis e d  te x tu re  a t  a l l  to  uranium , s ince  the  te x tu re  i s  of a m ultip le  
(hko) ty p e . However i f  a s im p lif ie d  p ic tu re  i s  re q u ire d , then  from th ese  
r e s u l t s ,  i t  could be b e t te r  described  as an (010).(100) te x tu re  w ith  spread 
o f  th e  (.010) component towards th e  (130) and o f  th e  (100) towards the. (110). 
A ll th ese  samples had r e c r y s ta l l i s e d  f u l ly  during  r o l l in g ,  so th a t  t h i s  
te x tu re  type may be a fe a tu re  of uranium which has re  c r y s ta l l i s e d  during  
r o l l in g ,  The id e a l is e d  (010) (110J te x tu re  p rev io u sly  rep o rted  in  the 
l i t e r a t u r e  may be induced only where r o l l in g  has taken  p lace  above 450°C, 
where s l i p  i s  th e  predominant deform ation mode, bu t where r e c r y s t a l l i s a t i o n  
has no t taken  p lace  (because th e  tem perature was too low to  a c t iv a te  t h i s  
p ro c e ss ) . The r e s u l t s  on e x tru s io n  te x tu re s  ob ta ined  in  th e  l a s t  se c tio n  
would confirm  t h i s  view,
EFFECT OF ROLLIHG AT HQOM TMPEMTURE
Textures p rev io u s ly  pub lished  f o r  co ld  r o l l in g  have always re fe r re d  
to  r o l l i n g  a t  about 300° C ^ ^ ,  Ho in form ation  has been published  on room 
tem perature r o l l in g  due presumably to  the  d i f f i c u l ty  o f ach iev ing  
s a t i s f a c to ry  red u c tio n s  in  a rea  a t  th i s  tem perature on a  p r a c t ic a l  b a s is .  
The su b je c t i s  o f in te r e s t  however, s ince  a s tro n g  s in g le  {010) te x tu re  
should be developed and th i s  would be harmful to  a f u e l  during  i r r a d ia t io n  
because o f growth*
A s l i c e  o f r o l l in g  b i l l e t  4 i n .  wide x 0 .5  in* th ic k  was heated  to  
640°C in  a  s a l t  b a th  and r o l le d  down to  0.25 in* th ic k n e ss , w ithou t any 
in te r s ta g e  an n ea lin g , so th a t  the  f in is h in g  tem perature was 500 0* I t
was then  annealed a t  p r io r  to  co ld  deform ation . The m a te ria l was
d iv ided  in to  two p a r t s ,  as fo llow ss.
Sequence I f  The s t r i p  2 in* wide Xu 0*25 Ikl* th ic k  was r o l le d  a t  room 
tem perature  and specimens were tak en  a f t e r  10, 20 and 40  p ercen t red u c tio n  
in  a re a , such th a t  th e  f in a l  s t r i p  was approxim ately  q- in* th ick *  I t  
was p o ss ib le  to  g e t th ese  re d u c tio n s , because th e  uranium had been 
annealed  p r io r  to  co ld  working* F u rth e r deform ation however produced crack ing  
and i t  was d iscontinued*
Sequence H i  The s t r i p  was f i r s t  beta-quenched from 73O0O to  t r y  and 
e lim in a te  the  e f f e c ts  of the  p rev ious mechanical h is to ry *  The quenched 
s t r i p  was r o l le d  a t  room tem perature and specimens were taken  a f t e r  5» 7 
and 10 p ercen t red u c tio n  in  area* I t  was no t p o ss ib le  to  continue r o i l in g  
t h i s  beta-quenched s t r i p  beyond 10 p e rc e n t, because Of cracking*
Specimens f o r  X-ray exam ination were c u t from the ap p ro p ria te  cen tre  
o f  th e  p la te .  The s t r ip s  were mounted in  th e  conventional me t a l l  ©graphic 
b a k e li te  mount, m echanically  p o lish e d , e le c tro -p o lish e d  and anodised fo r 
m icroscopical exam ination under p o la r is e d  illu m in a tio n *  They were then  
given a  f u r th e r  prolonged e le c tro -p o l is h  to  remove the  e f fe c ts  o f  su rface  
d is to r t io n  and examined w ith  X-rays* Some o f the  h igher red u c tio n  s t r i p s  
had a  f in a l  th ick n ess  o f  i  in* which was too sm all fo r  e f f i c ie n t  scanning 
in  th e  X -ray camera* This d i f f i c u l ty  was overcome by c u tt in g  se v e ra l 
neighbouring specimens and mounting them s id e  by s id e  befo re  po lish ing*
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R esu lts
Sequence I t  .
The a lpha-annealed  s t r u c tu r e f p r io r  to cold  r o l l in g ,  was s t i l l  
ty p ic a l  o f a worked uranium, f ig u re  80a, hut th e re  were s ig n s  o f sub -g ra in  
form ation  w ith in  th e  deformed g ra in s  rev ea led  on ro ta t in g  the microscope 
s ta g e , f ig u re  80b. The s tru c tu re  was not however r e c ry s ta l l i s e d .  Evidence 
o f  deform ation in creased  w ith  r o l l in g  red u c tio n  u n t i l  a f t e r  40 p e rce n t, 
the  s tru c tu re  was “broken down in to  a mass o f d is to r te d  k in k  hands* 
f ig u re  81, w ith  no r e a l  g ra in  s tr u c tu re .
The v a lu es  are  recorded in  f ig u re s  82 and 83*
Ih  th e  r o l l in g  d ire c tio n  R .D ., th e  i n i t i a l  annealed s t r i p  d isp lay s  , 
a  dupl@& (0 1 0 )(1 0 0 )  te x tu re .  There i s  some spread  o f the ( OtO) component 
towards the  (04I )  on one s id e  and th e  (130) on th e  other* The two ' 
components appear to  he p re sen t in  about equal amounts* A fte r  10 percen t 
co ld  red u c tio n , th e  (100) component has been removed. The (010) tex tu re  
shows a s l ig h t  in c rease  w ith  a g re a te r  degree o f  spread towards (0 4 t)  and 
(130)* The u ra n iu m  i s  now e s s e n t ia l ly  a s in g le  (010) te x tu re .  In c reas in g  
red u c tio n s  to  20 and 40 p e rcen t sim ply b u ild  up th e  (010) tex tu re*
Zer© Cold 
Reduction 1Crfa 20fo 4 0 fa
( 010)
(100)
2.11
2.16
2*2 6 
0.74
2*60
0.44
3*22
0*41
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A fter 40 p ercen t re d u c tio n , in  th e  normal d ire c tio n  H*B., h igh  tp t 
va lues a re  ob ta ined  f o r  ( 114) ,  (t-13)» and ( 112)* In  th e  tra n sv e rse  
d ire c t io n  T#D,f a h igh  y?1 value i s  ob tained  f o r  ( 100) ,  f ig u re  83* Below* 
40 percen t re d u c tio n , a c le a r  p ic tu re  of p re fe r re d  o r ie n ta tio n  in  th ese  
two d ire c tio n s  does not emerge• This may be because th e  red u c tio n  i s  not 
s u f f ic ie n t  to  impose a d e f in i te  p re fe rre d  o r ie n ta tio n ,
- Sequence IXs
The beta-quenching  treatm ent has removed th e  previous (010) (100) 
tex tu re*  In c rea s in g  eo ld  work th e n  sim ply b u ild s  up an (010) te x tu re  
u n t i l  a t  10 p ercen t re d u c tio n , th e  ^ (0 1 0 )  « 2,11*, f ig u re  84,
Beta-quenched 5 i ?fo 10%
f>(010) It  33 1*73 1*91 2 .1 1
^>(too) O.9 8  . 0*89 0*99 0*86
8 . THE EFFECT OF BBTA-QUMCBIKG OH TUB HOT ROLLED TTOUBE OF blOTJfM
I r r a d ia t io n  growth in  r o l le d  uranium  i s  due to  th e  presence ©f 
p re fe r re d  o r ie n ta t io n .  Heat trea tm en t o f th e  r o l le d  uranium in  th e  b e ta -  
phase tem perature range follow ed by w ater quenching to  r e ta in  a  f in e  g ra in  
s i z e ,  should remove o r a t  l e a s t  g re a t ly  reduce th e  p re fe rre d  o r ie n ta t io n ,  
s in ce  i t  invo lves a phase t r a n s i t io n  bo th  on h ea tin g  and cooling# There 
a re  no X-ray d a ta  to  support th i s  view in  the published  l i t e r a t u r e  and 
so a study  has been mad© to  check th i s  point#
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I r r a d ia t io n  growth, of r o l le d  b ar due to  te x tu re  i s  a x ia l  a long the 
b a r ,  so th a t  s e c tio n s  fo r  X -ray exam ination cu t tra n sv e rse  to  r o l l in g  
d i r e c t io n s ,  y ie ld  th e  most u se fu l d a ta  about pole o r ie n ta tio n  a x ia lly *  
The uranium was r o l l e d  in  th e  tem perature range 64O0 to  600°C and the 
p re fe r re d  o r ie n ta t io n  was in d ic a te d  by high %f*  va lues f o r  th e  (hko) 
w ith  a marked suppression  o f the (0 0 2 ), f ig u re  86a .  A fte r b e ta  hea t 
tre a tm e n t, a conversion to  randomness was shown by a red u c tio n  in  *-fif 
v a lu es f o r  the  (hko) and an in c re a se  in  th e  ( 001 ) value towards unity*
J Kkl k-ki (010) ( 130) (110) (100) (001)
ff>* r o l l e d  
I beta-quenched
2*92
1*27
2.06
I .6 4
1.54
0*97
3*32
0 .9 6
0*10
0*55
The complete values are  p lo t te d  on a s te reo g rap h ic  p ro je c tio n  
in  f ig u re s  85a and b*
The s tru c tu re  i s  s u b s ta n t ia l ly  random a f t e r  b e ta  quenching although 
th e re  i s  s t i l l  a s l ig h t ly  high •ye* value fo r  th e  ( 130) .
The r e f le c t io n s  which a re  most s e n s it iv e  to  p re fe rre d  o r ie n ta tio n  
a re  grouped to g e th e r  a t  the  low Bragg Angle (Q) end of th e  d i f f r a c t io n  
range* The ( t t o ) ,  (021) and (002) re f le c t io n s  are  not re so lv ed  f o r  
uranium, and they  form a w ell defined  t r i p l e t  group* By viewing t h i s  : 
t r i p l e t  group to g e th e r  w ith  th e  neighbouring (020) r e f le c t io n ,  i t  i s  
p o ss ib le  to  d e te c t p re fe r re d  o r ie n ta tio n  very  rap id ly *  By t h i s  means,
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a quick survey  can be made o f a la rg e  number of sam ples, e .g .  th e  
im portant r e f le c t io n s  are  shown f o r  th e  r o l le d  sample i n  f ig u re  86 and 
f o r  th e  same sample a f t e r  b e ta  quenching in  f ig u re  87# The removal o f  
te x tu re  by b e ta  quenching i s  w ell i l l u s t r a t e d .  \
Thermal c y c lin g  i s  an a l te rn a t iv e  method whereby the presence of 
in h e r ite d  p re fe r re d  o r ie n ta tio n  can be dem onstrated since i t  promotes 
growth on therm al cy c lin g . Chiswik and K e lm an ^ ^  have shown th a t  uranium 
worked a t  a low enough tem perature to  have a s tro n g  (010) te x tu re ,  grows 
ra p id ly  on c y c lin g . I f  i t  has been worked a t  a h igher tem perature so as  
to  give a  s tro n g  (110) component, i t  grows a t  an in term ed ia te  r a t e .  I f  
i t  has been b e ta - t re a te d  to  give a s u b s ta n t ia l ly  random te x tu re , th e  
uranium h ard ly  grows a t  a l l .
Thermal cy c lin g  t e s t s  were c a r r ie d  out in  t h i s  p resen t work to  provide 
an independent check on the X -ray d a ta  f o r  E ng lish  uranium. The specimens 
were p laced  in  a s ta in le s s  s te e l  p o t,  which was evacuated to  1 1  10 m  Eg 
and then  f i l l e d  w ith  argon. The po t was th en  lowered in to  a s a l t  b a th ,  
so th a t  th e  specimens were heated  to  550°C fo r  tw enty m inutes. The pot 
was then  r a i s e d  out of the b a th  and the specimens allowed to  cool t© 200 C 
in  f o r ty  minutes* The tem perature a t  the  lower end d if fe re d  from the  
American value o f 100°C, so th a t th e  r e s u l t s  w i l l  not compare in  d e ta i l  
b u t the  o v e ra ll  p a t te rn  of r e s u l t s  i s  the  same* The p resen t r e s u l t s  are  
shown in  f ig u re  88, where i t  can be seen th a t  th e  growth of th e  b e ta  
quenched uranium i s  n e g lig ib ly  sm all compared w ith  t h a t  f o r  r o l le d  uranium* 
This p rov ides a d d itio n a l p ro o f th a t  b e ta  qu.enc.hing s u b s ta n tia l ly  removes 
th e  p re fe rre d  o r ie n ta tio n  induced by ro llin g *
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DISCUSS101
The p la s t i c  deform ation o f s in g le  e iy s ta l s  of alpha nranturn have been 
s tu d ie d  by C ahn^°^ and by Lloyd and C h isv /ik ^ ^ *  The s l ip  and tw inning 
systems o f im portance to  th e  p roduction  o f  te x tu re  in  p o ly c ry s ta ll in e  
ro d s , are  given belows
TABLE XI
SLIP AID TflMXUG MODES E? URAFItM
S lip Plane D irec tio n
a {010} <100 >
b { n o } < 1 1 0 ,
Twinning Plane
K2
Twinning D irec tio n
^ 2
c {130J {110} <310> < 110>
d {172} I 1 1 2 ) <312 > i r r a t io n a l
e I 1 7 6 / ( 1 1 1 i <512> i r r a t io n a l
At low tem peratures o f r o l l i n g ,  th e  {010} <100> i s  the im portant 
s l i p  system* Considered a n a ly t ic a l ly ,  th i s  should produce a C ™ J  
te x tu re  along th e  f ib r e  a x is ,  but tw inning of th e{ l3 0 j type predom inates 
and causes a ro ta t io n  o f th e  {010j po les in to  th e  f ib r e  ax is*  The o th e r  
two tw im n rg  systems on th e  {l72 ] and j l 76 j , preceded by s l i p ,  w il l  
a lso  tend  to  promote th e  f010] f ib r e  tex tu re*
In  deform ation a t  a h igher tem peratu re , th e re  i s  a c o n tr ib u tio n  
from the  |i1 0 j  <110> s l i p  p rocess and th i s  should r e s u l t  In  an alignm ent 
o f  th e  1110] p o les  in to  the f ib r e  ax is^  At th ese  tem peratu res, tw inning 
i s  very  much reduced . Q u a lita tiv e  exp lanations of the deform ation 
p ro cesses have been derived  along these  l in e s  by Calnan and Clews 
M itch e ll and R o w la n d s^ ^ , and F x z z o t t i ^ ^ .  They are  le s s  accu ra te  
f o r  h igher tem p era tu res , p a r t ic u la r ly  where r s c r y s ta l l i s a t io n  can occur 
sim ultaneously  w ith  deform ation.
Sheet te x tu re s  are c lo se ly  s im ila r  to  those  found fo r
Id e a l is e d ,  they  can be rep resen ted  as of th© (OtO) type up to  about 400®C
and duplex (010) (HO) above th i s  tem peratu re . S eym our^^  has po in ted
ou t some resem blance between th e  deform ation c h a ra c te r is t ic s  of some
CS /hexagonal m etals  of both la rg e  and sm all / a  r a t io  with uranium. The 
l a t t e r  can be considered  as having a d is to r te d  form of hexagonal s tru c tu re*  
The comparison i s  not however r ig o ro u s  s in ce  th e re  are  d iffe re n c e s  to  be 
found between th e  pole f ig u re s  o f uranivsm and hexagonal m eta ls .
The p re sen t work on ro l le d  a llo y s  h a s . shown th a t  th e  e f f e c t  o f 
a llo y in g  a d d itio n s  of molybdenum, chromium and aluminium during  r o l l in g  
i s  to  in c rease  th e  (.010) te x tu re  a t  th e  expense o f the  (110) tex tu re*
The p r in c ip a l  te x tu re  i s  now eq u iv a len t to  th a t  p resen t in  cold r o l le d  
unalloyed  uranium . In  th e se  a l lo y s ,  tw inning must be a c tiv e  even a t  
600°C and the  c o n tr ib u tio n  from th e  |l1 0 j < 1 1 0 > s lip  system v i r tu a l ly  
elim inated*  Hence th e  tempera tim e a t  which th i s  s l ip  system becomes 
o p e ra tiv e  in  th e se  a l lo y s ,  has been ra is e d  considerab ly  compared w ith
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unalloyed  uranium# The in c rease  in  the  (010) te x tu re  im plies th a t  
th e se  a llo y s  would grow on i r r a d ia t io n  to  a g re a te r  ex ten t than  th e  
unalloyed  hot r o l le d  rods*
The U + at*$  Mo a l lo y  had f u l ly  re  c r y s ta l l i s e d  w h ils t th e  
II *  ■§• a t .$  Cr a l lo y  had only  p a r t i a l l y  r e c r y s ta l l i s e d .  The molybdenum 
a llo y s  work hardened the most ra p id ly  and th i s  degree of work hardening 
might have r a is e d  the  tem perature of the ’bar s u f f ic ie n t ly  above th e  
nominal r o l l in g  tem perature to  cause r e c r y s ta l l i s a t io n .
The compression te x tu re s  of th e  ro l le d  a l lo y s ,  rep resen ted  by the 
normal to  r o l l in g  d ir e c t io n ,  a re  again  ty p ic a l o f eases where tw inning 
and |010] <100> s l i p  are  operative*
Uranium ex truded  a t  a r e l a t iv e ly  high tem perature but below th e  
r e c r y s ta l l i s a t io n  ran g e , has a duplex (010 (110) te x tu re  as  fo r  r o l le d  
rod* The presence o f a te x tu re  around ( i jo )  and (131) found in  the  
m iddle and r e a r  o f th e  ex truded  ro d s ,  i s  probably  due to  r e c r y s ta l l i s a t io n  
having taken  p la c e  a f t e r  deformation* The middle o f the ex trude i s  
h o t te r  than  the f r o n t .  A s im ila r  r e c iy s t a l l i s a t io n  te x tu re  i s  found on 
annealing  co ld  r o l le d  uranium*
The s in g le  (100) te x tu re  found on ex tru s io n  very  high in  the  alpha 
ra n g e , has no t been re p o rte d  p rev iously*  \ I t  i s  a sso c ia ted  w ith  
r e c r y s ta l l i s a t io n  having taken p lace  co n cu rren tly  w ith  p la s t i c  deform ation 
on hot working* I t  has been s ta te d  th a t  w ith  pronounced s l i p  in  th e  
absence o f tw inn ing , a n a ly t ic a l  co n s id e ra tio n s  would p o in t to  th e  
development o f an <100> alignm ent in  th e  f ib r e  d ire c t io n .  Since h igh
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tem peratures w i l l  g re a tly  favour s l i p ,  then  i t  i s  reasonable th a t  heavy 
re d u c tio n s  a t  high tem peratures should in c rease  th e  <100> components* ,
A cu rious fe a tu re  of th i s  te x tu re  i s ,  th a t  once i t  has been produced, 
i t  cannot be removed by subsequent b e ta  hea t trea tm en t follow ed by 
w ater quenching. The tran sfo rm atio n  from' the b e ta  uranium to  a lpha . 
uranium i s  by a shear mechanism and i t  can only be assumed th a t  . 
tran sfo rm atio n  occurs along s e le c te d  c ry s ta lio g ra p h ic  h ab it p la n es , 
such th a t  a ’memory* o f th e  o r ig in a l  ^~100 J  te x tu re  i s  s ta in e d .
Bata ob ta ined  on p re fe rre d  o r ie n ta tio n  w il l  vary  w ith  the  tem perature 
o f  deform ation, s in ce  s l i p  predom inates above 450°C, whereas tw inning 
predom inates a t  lower, tem p era tu res . Therefore th e  exact tem perature of 
th e  deform ation must be s p e c if ie d . In  much previous work, the ro l l in g  
has been over a wide range of tem perature and th is  com plicates th© 
p ic tu r e .  In  t h i s  work, th e  tem perature range o f r o l l in g  has been co n tro lle d  
c lo se ly *  I t  confirm s the f in d in g s  on extruded  uranium , th a t  where 
r e c r y s ta l l i s a t io n  occurs co n cu rren tly  w ith  deform ation a t  high tem perature, 
a  s tro n g  (?00) component i s  produced* Thus on hot r o l l in g ,  the  te x tu re  
i s  b e t te r  id e a l is e d  as  (OtO) (100) r a th e r  th an  (010) (110)* In  term s 
©f id e a l is e d  te x tu r e s ,  a broad g e n e ra lis a tio n  I s  th a t  the  r o l l in g  te x tu re s  
a re  o f  th e  (hko) type* Thus a t  low tem peratu res , the r o l l in g  te x tu re  
i s  (010). Above about 450°C, but below about 600°C, i t  i s  changed to  
(OtO) (110)* E e c ry s ta l l is a t io n  has n o t occurred in  th is  range* Above 
t h i s  tem perature ran g e , deform ation i s  accompanied by r e c ry s ta l l i s a t io n  
and th e  te x tu re  i s  s h if te d  to  (010) (IOO)* In  every case th e re  i s  some 
sp read  o f th e  te x tu re  along the  d ire c tio n s  o f th© (hko) p o le s , so th a t
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in  p ra c tic e  v a r ia t io n s  w ith in  th e se  id e a lis e d  types can he ob ta ined .
This accounts fo r  some of th e  v a r ia tio n s  re p o rte d  in  te x tu re s , p a r t ic u la r ly  
when r o l l in g  is. c a r r ie d  out over a wide tem perature range*
In  room tem perature deform ation , the  (010) s in g le  te x tu re  sim ply 
b u ild s  up w ith  in c re a s in g  deform ation . The com pression te x tu re  
rep re sen ted  by th e  normal to  r o l l in g  d ire c t io n , i s  cen tred  around (114), 
(113) and (112)* These te x tu re s  a re  ty p ic a l where tw inning is  the 
p r in c ip a l  mode of deform ation in  uranium.
In  r o l le d  rod  where a m u ltip le  (hko) type of te x tu re  i s  p re s e n t,  
t h i s  can be s u b s ta n t ia l ly  removed by b e ta  treatm ent*  Hence a r o l le d  
uranium fu e l  should be s ta b le  on I r r a d ia t io n  once i t  has been hea t trea ted *  
I t  i s  very  im portant to  remove any (010) te x tu r e , s ince th i s  g ives th e  
g re a te s t  growth* Where the  s in g le  type (tOO) te x tu re  produced by hot 
e x tru s io n  i s  n o t removed, th en  c o n tra c tio n  r a th e r  than  growth would be 
expected on i r r a d ia t io n  by analogy w ith  the  behaviour o f s in g le  c ry s ta ls  
in  th e  C«°o_7 d ire c tio n *
C0UCLUSI0H3
1 • The e f f e c t  of minor ad d itio n s  of molybdenum, chromium and aluminium 
on the  hot r o l le d  te x tu re s  o f  uranium , i s  to  in c rease  the  (010) te n s io n  
te x tu re  and reduce the  ( 110) te x tu re .  The amount of deform ation by s l i p  
i s  reduced as compared w ith  unalloyed  uranium a t  the  same tem perature*
As r o l le d  te x tu re s  of uranium a llo y s  so f a r  s tu d ie d , would cause g re a te r  
growth on i r r a d ia t io n  than  unalloyed  uranium.
2* The te x tu re  o f extruded uranium v a rie s  along the len g th  of the  ro d . 
This v a r ia t io n  can he c o r re la te d  w ith  micro s tru c tu r e .  At th e  f ro n t  of 
th e  ro d , th e re  i s  a duplex (010) (110) te x tu re  a sso c ia ted  w ith warm 
e x tru s io n . In  the  m iddle, th e  te x tu re  i s  (130) to  (131)9 produced when 
r e c r y s ta l l i s a t io n  occurs a f t e r  deform ation, i . e .  a r e c r y s ta l l i s a t io n  
te x tu re .
3 . At heavy re d u c tio n s  and h igh  tem peratures in  e x tru s io n , a s in g le  
(100) te x tu re  i s  developed. This i s  exp la ined  by th e  absence of tw inning 
as  a deform ation mode. I t  i s  a sso c ia te d  a lso  w ith  r e c r y s ta l l i s a t io n  
o ccu rrin g  co n cu rren tly  w ith  deform ation.
4* Beta an n ealin g  and w ater quenching can remove the duplex (010) (tlO ) 
te x tu re  and th e  (130) -  (131) r e c r y s ta l l i s a t io n  te x tu re  due to  ex tru s io n .
I t  cannot remove th e  (100) s in g le  te x tu re  due to  hot ex tru s io n .
F o rtu n a te ly , the  l a t t e r  te x tu re  would not cause i r r a d ia t io n  growth in  a 
r e a c to r  f u e l ,  but could cause con traction*
5* B o ilin g  over l im ite d  and c o n tro lle d  hot tem perature ran g es, has 
shown th a t  r o l l in g  te x tu re s  in  the f ib r e  d ire c t io n  can b e s t be id e a lis e d  
as  of th e  multiple (hko) ty p e . The previous d e sc rip tio n  as (010) (110) i s  
o v e rs im p lif ie d . A b e t te r  d e s c r ip tio n  would be p rim arily  (010) (tOO) w ith 
sp read  o f the  (01C) to  (130) and spread of (100) to  (110).
6 . In  r o l l i n g ,  the  (010) and (130) components decrease w ith  in c rea s in g  
tem p era tu re . This i s  because tw inning becomes le s s  prominent a s  a  
deform ation mode. The (100) component in c rea se s  w ith  in c reasin g  tem perature 
above 510° C and again  th is  i s  due to  the  complete suppression o f twinning 
a t  h igh  tem p era tu res . The (110) component rem ains constant between 510° C 
and 660°C f o r  a given heavy re d u c tio n .
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f .  R o lling  a t  room tem perature b u ild s  up a s in g le  (010 ) te x tu re  
s te a d ily  w ith  in c re a s in g  re d u c tio n . The compression te x tu re  i s  cen tred  
around the  (1 1 4 ), (113) and (112) pole d ire c tio n s*  The (100) p o les  are  
a lig n ed  tra n sv e rse  to  th e  r o l l in g  d irec tio n *  This p ic tu re  only  emerges 
a f t e r  a t  l e a s t  f o r ty  percen t red u c tio n  in  area*
8 . Beta hea t trea tm en t fo llow ed by w ater quenching s u b s ta n t ia l ly  
removes the  r o l l i n g  tex tu re*  This has been confirm ed by therm al cy c lin g  
te s ts *  Thus r o l le d  fu e ls  which have been h ea t t r e a te d  should no t grow 
on ir ra d ia tio n *
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FIG, 6 5  S T A N D A R D  S T E R E O G R A P H I C  
O F  U R A N I U M .
P R O J E C T I O N
x • ray s o u r c e
a x i s
F I G .  66 .  G E O M E T R I C A L  A R R A N G M E N T  O F  T H E  
X - R A Y  S P E C T R O M E T E R .
P1419/1 Photograph of th e  X-ray equipment 
Fig« 67
T H A N b V t K b t  »C. v~ i i ^ in r v . u .
0 0 1  012 0 1 3  OH 021 0 4 !021 001 010010 0 2 30.41
fcl0-08 2 -2 80 ■€>£, • 7 20-73
114 U4133 133
113 ! I3 132132
112 112 131131 
0 - 5 7 • 0 6
2-74
1 3 0219101 0 - 3 71 3 0 1010 - 3 3
1011 -43
110110 0-62
1001-10100
S P E C . N o .  1 3 8 4 5  S P E C .  N o .  1 4 6 0 9
L O N G I T U D I N A L  S E C T I O N  T . D .  L O N G I T U D I N A L  S E C T I O N  T . D.
041001 0 2 3 0.23041021 010 00! 021 0)0
O'93 164070 1-211-72 •31
114, 114
133
*'21 132
113
M-51
1J2
1 - 7 4
113 
1 * 27 
112 131
1 - 0 8
13! 
H 5
•62
130130 1-49101101 • 9 6
1-09
110
110 2 37.
1001-74100
S P E C .  N o .  1 4 6 1 0S P E C . N o .  1 3 8 4 4
F L A T  S E C T I O N  N . D .  F L A T  S E C T I O N  N . D .
001 023 021 010 001 023 021 oiO
0-220-904 -U 1-36
4 '07 
113 
2-90 112 
2 - 2 3
6-86
113
3 - 7 4112
1-91
133
1-75 132
133
1 2 6  1 32
13!
0 3 2
130• 5 0101101 1300 -7 2
0 -7 6
2-32^- ^ ^
100
S P E C  . No.  1 3 8 4 6
0-31
n o
0 - 5 6
100
S P E C . N o . 1 3 8 4 6
F I G .  6 8 .  u  AT %  Cr. FIG.  6 9 .  u  + 2  AT ° / 0 Mo.
R O L L I N G  TEMP. 6 0 0 ° C - 6 4 0 ° C .  R O L L I N G  T E M P  6 0 0 ° C . - 6 4 0 C .
T O T A L  R E D U C T I O N  9 0 ° / 0 T O T A L  R E D U C T I O N  9 0  ° / 0
V  VALUES = ROLLED U R A N I U M  A L L O Y S .
001 023 021 001010041 021 0100,4)
2020 - 5 9 0-55 Oil
114 114
133 133
113 132
ff 2 112
0*11 131
•25
130101 0  3 510!
O'85
110110
1-57
100 100
S P E C . N o .  14 611  
L O N G I T U D I N A L  S E C T I O N  T.D.
S P E C  N o . 1 4 6 1 3  
L O N G I T U D I N A L  S E C T I O N  T. D.001 023 0410230.41 010 010021 001
2-48 •55 2 ' 5 4212
114 114
• 4-29 
113
3 * 0 3112
2-62
133
I*i4 132
133
2*32
1-1 113
2-33 132
IJ2
2*4
131131
1-53
•06
1 3 0130 1-71101101
0-90 110
110 0 86 
too10 0
S P E C .  N o .  1 4 6 1  2 S P E C .  No .  1 4 6 1 4
F L A T  S E C T I O N  N . D .  F L A T  S E C T I O N  N . D .
001010 021 010001 021023
4-48 • 0 6 130
114
4-77
113
3 - 2 5112
1-76
133 
2-02 113• 3-72 
M2 
1-86 1310-7413!
0-55
130•00130101 0-64
< 66
0-57
110
2-19 .---------
100
S P E C  . N o . 1 3 8 5 2 S P E C . N o .  1 3 8 5 5
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FIG 7 2  p VALUES FOR THE FRONT FIG. 7 3  P VALUES FOR THE MIDDLE 
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FIG.  7 5  lP'  V A L U E S  FOR a )H O T  EX TR UD ED  URANI UM.  
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IG. 7 8 . p  VALUES FOR U RANI UM ROLLED BETWEEN 5 8 0 °  C.  
AND 5 5 0 ° C .
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FIG. 8 2  y  VALUES F O R  U RANI UM ROLLED AT ROOM  
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FIG. 8 3  ‘f *  V A L U E S  FOR URANIUM R O L L E D  AT ROOM
TEMPERATURE TO 4 0 %  REDUCTI ON IN A RE A.
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FIG- 8 4  B E T A - Q U E N C H E D  URANIUM R OLL ED AT ROOM TEMP.  
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FIG. 8 7  I 7 8 5 / 3 A  2 .  T R A N S V E R S E  S E C T I O N  R O L L E D  U
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FIG.88 THERMAL CYCLING GROWTH RATES OF ROLLED AND HEAT 
TREATED URANIUM.
U N I V E R S I T Y  O F  L O N D O N
S E N A T E  H O U S E  W. C . l
t e l e p h o n e : m u s e u m  8 0 0 0 TELEGRAMS: UNIVERSITY, LONDON
14 August 1961
Tear Tr* Jenkins,
With reference to the Ph.T. Tegree Examination 
of Mr, G. Slattery I write to inform you that 
Professor C.R. Tottle, M.Met., F.I.M., of Manchester 
University has now been appointed as an Examiner in 
place of Professor A.H. Cottrell who was unable to 
act.
Tr. Ivor Jenkins,
Research Laboratories, 
General Electric Co., Ltd., 
Wembley,
Middlesex.
Yours sincerely,
T.H. WEIR 
Teputy Academic Registrar
U N I V E R S I T Y  O F  L O N D O N
D ea r S ir ,
I am  v e ry  g ra te fu l to  you fo r  y o u r a g re e m e n t to  a c t a s  an  E x a m ­
in e r  fo r  G. S l a t t e r y  f o r  the  Ph.D . Degree E xam ination .
I now e n c lo se  a copy of the th e s is  / d is s e r ta t io n  su b m itte d  by 
th is  c a n d id a te , and  sh a ll  be g lad  if  you w ill co m m u n ica te  w ith  y o u r 
c o -e x a m in e r  Mr. L.W. D erry , M .Sc., 
w ith  r e g a r d  to  the o ra l  e x am in a tio n .
I a ls o  e n c lo se  the c a n d id a te 's  e n try - fo rm  on w hich the jo in t 
r e p o r t  of the E x a m in e rs  shou ld  be w r itte n .
W ill you p le a se  r e tu r n  the  th e s is  w ith  the  E x a m in e r s ' r e p o r t .  
I r e g r e t  th a t I am  no lo n g e r  in  a p o s itio n  to  give p e rm is s io n  to  any 
E x a m in e r  to  r e ta in  a copy of the  th e s is ,  in  view  of a sch em e  a p ­
p ro v ed  by the S enate  w ith  r e g a rd  to  the  d isp o sa l of c o p ie s  of th e s e s  
a f te r  e x a m in a tio n . T h is  sch em e  m a k e s  no p ro v is io n  fo r  the  r e t e n ­
tio n  of th e s e s  by E x a m in e rs .  F e w e r  co p ie s  a r e  now su b m itte d  by 
c a n d id a te s  fo r  the ex am in a tio n , and  two of th e se  c o p ie s  m u s t be 
bound, in  a c c o rd a n c e  w ith  the ap p ro v ed  sp e c if ic a tio n , b e fo re  the 
c o n fe rm e n t of the d e g re e .
S E N A T E  H O U S E ,  W.C. I
T E L E P H O N E :  M U S E U M  8 0 0 0 TELEGRAMS: UNIVERSITY, LO N D O N
31 J u l y  1961
* Professor A.H. Cottrell is
unable to act as an Examiner for 
this candidate and I will let you 
know as soon as possible who is to 
act in his place.
Y ours fa ith fu lly ,
Dr. Ivor Jenkins,
Research Laboratories, General Electric Co., Ltd., 
East Lane,
Wembley, Middlesex.
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